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STELLINGEN 
I 
Bij de afbraak van Polysacchariden door enzymen is het noodzakelijk om het 
aantal suikerresiduen dat in interactie is met het enzym te weten om de actuele 
substraatconcentratie beter te kennen. 
Dit proefschrift. 
II 
De moeilijkheden bij het karakteriseren van enzymen die de afbraak van 
complexe polymère suikers katalyseren zijn hoofdzakelijk te wijten aan een 
gebrekkige kennis over structuur en samenstelling van de substraten. 
Dit proefschrift. 
III 
Uit de in vitro aangetoonde katalyserende werking van chlorogeenzuur op 
de vorming van nitrosaminen uit nitriet en secundaire aminen kan niet ge-
concludeerd worden dat dit polyfenol in vivo een carcinogeen effect heeft. 
B. C. CHALLIS en C. D. BARTLETT, Nature, 254 (1975) 532-533. 
IV 
Het valt te betwijfelen of de Eykman test geschikt is voor de bacteriologische 
controle van gechloreerd zwembadwater. 
D. L. KEDDE, De Ingenieur, 71 (1959) G 11-20. 
C. O. SCHAEFFER, De Ingenieur, 76 (1964) G 22-25 
De analyse, waarmee Garvey et al. tot de conclusie komen dat het volume van 
een makromolecuul in geadsorbeerde toestand en in oplossing hetzelfde is, is 
onjuist en strijdig met zichzelf. Een realistieser interpretatie van hun experi-
menten leidt echter tot eenzelfde eindconclusie. 
M. J. GARVEY, TH. F. TADROS en B. VINCENT, J. Coli. Int. Sei., 
49 (1974) 57-68. 
VI 
Het zou aanbeveling verdienen om vóór het daadwerkelijk aanvangen van 
een nieuw (promotie)onderzoek via geautomatiseerde systemen na te gaan of 
er reeds ergens aan dit onderwerp gewerkt wordt, teneinde onnodig duplicerend 
werk te voorkomen. 
Dit proefschrift. 
Diss. M. I. SHEIMAN, Rutgers University, New Brunswick 1974. 
VII 
De conclusie van Marciniak dat héparine geen affiniteit voor antithrombine 
III heeft, wordt onvoldoende gesteund door de experimentele resultaten; 
mogelijk is zelfs het tegendeel het geval. 
E. MARCINIAK, J. Lab. Clin. Med., 84 (1974) 344-356. 
VIII 
De hoge concentratie humaan chorion gonadotropine (HCG) in urine van 
zwangere vrouwen maakt de conclusie van Lemonnier en Bourillon omtrent de 
herkomst van een uit deze urine geïsoleerd sialoglycopeptide aanvechtbaar. 
M. LEMONNIER en R. BOURILLON, Biochem. Biophys. Res. 
Comm., 64 (1975) 226-231. 
IX 
Uit de praktijk blijkt dat de bestaande veiligheidsnormen t.a.v. chemische 
laboratoria door rijksinstellingen anders kunnen worden geïnterpreteerd dan 
door niet-rijksinstellingen. 
F . E . A . VAN HOUDENHOVEN 
Wageningen, 17 oktober 1975 
VOORWOORD 
Bij de verschijning van dit proefschrift wil ik allereerst mijn ouders bijzonder 
bedanken dat zij mij in de gelegenheid hebben gesteld om te gaan studeren. 
De mogelijkheid voor het bewerken van dit proefschrift is geschapen door een 
succesvolle gezamenlijke aanvrage van de hoogleraren Prof. Dr. C. Veeger en 
Prof. Dr. W. Pilnik voor een promotieassistentschap. Het onderzoek zelf is 
uitgevoerd op het Laboratorium voor Biochemie. 
Op deze plaats wil ik graag allen danken welke op enigerlei wijze hebben bij-
gedragen aan het tot stand komen van dit proefschrift. Het betreft vele namen van 
collega's, ex-collega's, technisch en administratief personeel, studenten en ex-
studenten, zowel binnen als buiten het Laboratorium voor Biochemie. 
Een apart woord van dank wil ik uitspreken jegens Dr. Ir. J. Visser voor de 
aangename en stimulerende manier van begeleiding en samenwerking zowel 
binnen als buiten diensttijd. 
Dr. S. Mayhew wil ik in het Nederlands danken voor het corrigeren van de 
Engelse tekst van het manuscript. 
CONTENTS 
LIST OF ABBREVIATIONS AND SYMBOLS V 
1. INTRODUCTION 1 
2. MATERIALS AND METHODS 9 
2.1. Materials 9 
2.2. Methods 9 
2.2.1. Preparation of highly esterified pectin 9 
2.2.2. Preparation of pectin oligomers 10 
2.2.3. Storage of pectin lyase 11 
2.2.4. Assay of pectin lyase activity 11 
2.2.5. Calculation of kinetic parameters 12 
2.2.6. Polyacrylamide disc gel electrophoresis 12 
2.2.7. Sodium dodecylsulphate-polyacrylamide disc gel electrophoresis 13 
2.2.8. Iso-electrofocusing 13 
2.2.9. Gelchromatography 14 
2.2.9.1. Gelfiltration on SephadexG-200 and G-l00 14 
2.2.9.2. Gelfiltration in 6 M Guanidine-HCl 14 
2.2.10. Ultracentrifugation 15 
2.2.11. Circular Dichroism 16 
2.2.12. Optical Rotatory Dispersion 16 
2.2.13. Fluorescence 16 
2.2.14. Determination of sugars 16 
3. PURIFICATION AND CHARACTERIZATION 17 
3.1. Introduction 17 
3.2. Purification 18 
3.2.1. Small-scale purification 19 
3.3. Characterization 25 
3.3.1. Kinetics 25 
3.3.1.1. Michaelis-Menten parameters 25 
3.3.1.2. Influence of cation and/or ionic strength 26 
3.3.1.3. Inhibitors 27 
3.3.1.4. Influence of the degree of esterification 29 
3.3.2. Stability 30 
3.3.2.1. Influence of the ionic strength 30 
3.3.2.2. Influence of the pH 31 
3.3.2.3. Kinetics of the inactivation at high pH 31 
3.3.3. Physico-chemical characterization 34 
3.3.3.1. Disc gel electrophoresis 34 
3.3.3.2. Iso-electrofocusing 35 
3.3.3.3. SDS Polyacrylamide electrophoresis 36 
3.3.3.4. Gelfiltration 37 
3.3.3.5. Ultracentrifugation 37 
3.3.3.6. ORD/CD measurements 38 
3.3.3.7. Fluorescence 39 
3.3.4. The carbohydrate content of pectin lyase 40 
3.3.4.1. Introduction 40 
3.3.4.2. Results and discussion 41 
3.4. General discussion. . 44 
4. pH-DEPENDENT KINETICS OF PECTIN LYASE 48 
4.1. Introduction 48 
4.2. Results 51 
4.3. Discussion 64 
5. TEMPERATURE-DEPENDENT KINETICS OF PECTIN LYASE 68 
5.1. Introduction . . . . < 68 
5.2. Results 70 
5.3. Discussion 76 
6. SUBSITE MODEL 79 
6.1. Introduction 79 




LIST O F A B B R E V I A T I O N S A N D SYMBOLS 
Pectin lyase is the trivial name used throughout this thesis for poly (1,4 
a-D-methoxygalacturonide) lyase, EC 4.2.2.10, according to the recommenda-
tions (1972) of the International Union of Pure and Applied Chemistry and the 












































pH functions of the protonated, partially protonated and deprotonat-
ed species of a dibasic acid 
Planck constant (6.624 x 10_27erg.sec.) 
change in enthalpy of the Km value 
change in enthalpy 
change in enthalpy of activation 
velocity constant 
velocity constant of catalysis 




dissociation constant of enzyme-inhibitor complex 
ionic strength 
optical rotatory dispersion 
universal gasconstant (1.98 cal.mole_I.degree_I) 
sedimentation coefficient 
sodium dodecyl sulphate 
transmission coefficient 
trichloro-acetic acid 
tris (hydroxymethyl) aminomethane 
Ultrazym 
initial velocity 
maximal velocity at infinite substrate concentration 
partial specific volume 
piperazine N N' bis 2 ethanesulphonic acid 
1. INTRODUCTION 
Pectin and pectic substances 
Pectin is the main component of the matrix material of the cell wall of 
higher plants. It is mainly situated in the middle lamel and the primary cell 
wall (ALBERSHEIM and KILLIAS, 1963). The pectic substances form a part of the 
uronate-sugar conjugates, a group of substances which belong like cellulose 
and starch to the most abundant natural substances produced by living orga-
nisms. Carbohydrates, which contain uronic residues, occur in nature in a wide 
variety of polysaccharide structures and other sugar conjugates of animal, plant 
and microbial origin. The work of TALMADGE et al. (1973) shows the role of 
pectin in the structure of cell walls of higher plants. Examples of related sub-
stances are the glycoaminoglycans of animals and alginic acid of algae. 
The nomenclature of pectic substances is very confusing. The American 
Chemical Society has given definitions (KERTESZ, 1951) for pectic substances, 
protopectin, pectinic acid, pectin and pectic acid on basis of their solubility in 
water, gelforming properties etc. These definitions are rather trivial, but com-
monly used. 
Pectin is a heteropolymer, in which the backbone consists mainly of a-D-
galacturonic acid units connected by 1-4 glycosidic bonds and some regions 
which contain L-rhamnose (BARRETT and NORTHCOTE, 1965 and STODDART et 
al., 1967). Neutral sugars like L-arabinose, D-galactose, D-xylose, L-fucose 
e.a. are found as side chains (ASPINALL et al., 1968 and Foglietti and Percheron, 
1968). The content and distribution of these sugars affect the texture and the 
mechanical properties of the matrix (WORTH, 1967 and DOESBURG 1973). 
The conformation of the galacturonic acid residue in the polymer is the C-l 
(D) chair form (DEUEL and STUTZ, 1958). As a consequence the hydroxyl 
groups at C-l and C-4 are axial and in a trans-position to each other, and thus 
restrict the flexibility of the chain (see Fig. 1.1). 
As early as 1945 X-ray analysis by PALMER and HARZOG (1945) showed a 
helical conformation of pectic fibers and sodium pectate. REES and WIGHT 
(1971) concluded that the galacturonan backbone forms a right handed three-
x m nrr 
FIG. 1.1. Removal of the proton at C-5 of a pectin monomer depicted in the C-l (D) con-
formation (I), its product after ß-elimination (II) and the 1-C (L) conformation of the L-
idopyranuronate unit in dermatan sulphate (III). 
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fold helix. The rhamnose residues are responsible for kinks in the regular helici-
dal conformation. 
The following variable properties of pectin affect the chemical and physical 
properties of the polymer and influence its breakdown by different pectic 
enzymes: 
a. polymerization degree, 
b. content and distribution of rhamnose in the backbone, 
c. distribution, content, nature and length of side chains, 
d. degree of esterification, 
e. distribution of esterified groups along the chain. 
For example, VORAGEN et al. (1971) showed that the degree of esterification 
influences the activities of pectin lyase and pectate lyase. VORAGEN (1972) has 
also shown that the distribution of ester groups along the chain influences pectin 
lyase activity. 
Pectic enzymes. The abundance of pectic substances in a variety of composi-
tions is reflected in a large number of pectin degrading enzymes, each with its 
own characteristics with respect to mechanism of action, pH optimum (for 
catalysis and stability), substrate specificity etc.. The pectolytic enzymes have 
been classified by DEMAIN and PHAFF (1957) and DEUEL and STUTZ (1958). 
However at that time all pectolytic enzymes were thought to be hydrolytic in 
nature. Following the discovery of enzymes which break down pectin by elimi-
nation (ALBERSHEIM et al., 1960), NEUKOM (1963) introduced a new classifica-
tion, containing eight classes of enzymes (apart from pectin esterase (3.1.1.11)). 
In this classification, presented in Table 1.1, the enzymes have been divided 
according to substrate specificity, nature of catalysis and working mechanism 
as indicated by prefix endo or exo. HATANAKA and OZAWA (1971) have readapt-
ed this scheme of Neukom to those enzymes whose existence has been demon-
strated conclusively; exo-pectin lyase, endo- and exo-polymethylgalacturonase 
were excluded, whereas oligogalacturonide lyase and its hydrolytic counterpart 
were included. 
Recently a new classification of pectic enzymes has been proposed by PILNIK 
et al. (1973). These authors found that pectic acid is not the most suitable sub-
strate for pectate lyase, but that depending on the source of enzyme the activity 
is greatest with 20 to 45 % esterified pectin. They proposed that the name Low 
Methoxy Pectin Lyase should be used instead of pectate lyase. Another sug-
gestion, also based on the results mentioned above, is to use the enzymic activi-
TABLE 1.1. Classification of pectic enzymes according to NEUKÖM (1963). 
Acting mainly on pectin Acting mainly on pectic acid 
1. Endo-polymethylgalacturonase (3.2.1.41) 5. Endo-polygalacturonase (3.2.1.15) 
2. Exo-polymethylgalacturonase 6. Exo-polygalacturonase (3.2.1.40) 
3. Endo-pectin lyase (4.2.2.3) 7. Endo-pectate lyase (4.2.2.1) 
4. Exo-pectin lyase 8. Exo-pectate lyase (4.2.2.2) 
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ty on the glycolester instead of the methylester of pectic acid as a criterion to 
discriminate between pectate lyase (active on glycol ester) and pectin lyase 
(inactive on glycol ester). 
The literature on the nature and specificity of pectic enzymes is sometimes 
very confusing. This is due to the use in many cases of enzymes of uncertain 
purity, to the failure of different authors to test their enzymes with the same 
substrates and to the use of widely different assay conditions. The review by 
ROMBOUTS and PILNIK (1972) is very useful, because they screened most of the 
early literature on pectic enzymes, but reviewed only those articles from which 
the enzymes could be placed in some well defined groups. 
After this short general introduction into the field of pectolytic enzymes and 
their substrates, only those aspects which are of importance for the actual re-
search problems are covered by this dissertation. Chemical and enzymic 
transelimination, but not the hydrolytic counterpart, will be considered, fol-
lowed by a discussion of the gap in our knowledge about the real process and 
kinetic parameters of the action of pectin lyase. Furthermore attention will be 
paid to the subsite theory which is important to an understanding of the behav-
ior of polymer degrading enzymes. 
Chemical eliminative breakdown of polysaccharides. Polysaccharides are 
generally labile in alkaline solution. The terminal residue at the reducing end 
of the molecule is liberated as a sugar acid (WISTLER and BEMILLER, 1958) 
and in this way a stepwise degradation of the polymer occurs. In contrast, 
glycosidic bonds in the middle of a molecule are very stable in alkali (HUDSON, 
1916), but the bond at C-4 becomes labile following oxidation of the alcoholic 
group at the C-6 position. 
A common structural feature of all natural acid polysaccharides is the hexo-
pyronuronate unit which is linked via a glycosidic bond at the C-4 position to 
the next sugar residue. Stereochemically the glycosidic linkage at the 4-hy-
droxyl group is in the ß-position with respect to the carboxylic group. This is a 
basic requirement for the special elimination reaction with this type of material 
in alkaline solution. In 1950 VOLLMERT reported on the depolymerisation of 
pectin under neutral or alkaline conditions, which was ascribed to a ß-deal-
koxylation process by KENNER (1955), and to a ß-elimination by both WHISTLER 
and BEMILLER (1958) and NEUKOM and DEUEL (1958). In this case the proton 
at C-5 is activated by the electron withdrawing carbonyl group of the methylester 
at C-5, and removed by a hydroxyl ion (see Fig. 1.1). Pectate which contains 
carboxylate anions at the C-5 position, is much more stable, due to the reduced 
electron withdrawing power of this group (ALBERSHEIM et al. 1960). 
In an elimination reaction two ionic groups are removed from the substrate; 
an electrophile, typically a proton (often assisted by a base) and a nucleophile 
X (often assisted by an acid or a metal ion). This results in formation of a 
double bond (ROBERTS and CASERIO, 1965). 
Schematically this can be shown as follows: 
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Depending on the sequence of events, three different mechanisms of elimina-
tion are distinguished: a) a carbanion or Elcb mechanism, in which a proton 
is removed first, b) a carbonium ion or El mechanism, where X is removed 
first and c) a concerted or E2 elimination in which both groups are removed at 
the same time via a single transition state. In enzyme-catalyzed elimination 
reactions metal ions often appear to play a role in activating the a-atom, which 






Enolase (DINOVO and BOYER, 1971) and aconitase (GLUSKER, 1968) are exam-
ples of lyases, where catalysis follows a carbanion mechanism in which divalent 
cations function as just described. Also coordination of a metal with a basic 
group one carbon atom, or even more, removed from the carbon atom to be 
protonated is found (MILDVAN, 1974). For pectate lyase it is known that Ca2 +-
ions are essential for activity (ROMBOUTS, 1972). In this case the possibility 
exists, that the Ca2+-ion in the Ca-pectate complex is coordinated in such a 
way with one or more oxygen atom(s) in the galacturonic acid residue that a 
similar result is obtained. This can be illustrated by the model, given by A N -
THONSEN et al. (1972) for the chelation of metal ions with D-galacturonic acid 
(Fig. 1.2.) 
ROBERTS and CASERIO (1965) stated that for facile elimination reactions in 
cyclic systems, the leaving groups have not only to be positioned trans to each 
FIG. 1.2. Binding sites of a Ca2+ion in a a-D-galacturonic acid residue in the C-l (D) con-
formation. 
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FIG. 1.3. Structures of methyl pyranosides of 2, 3, 4-tri-O-methyl-ß-D-galacturonic acid (1), 
-oc-D-glucuronic acid (2) and -a-D-mannuronic acid (3). 
other, but they have also to be in a diaxial conformation, so that the atoms 
involved are coplanar. If a trans diaxial conformation is precluded (because of 
rigidity of the ring system or absence of a trans ß-hydrogen) trans-elimination 
is not possible. If there is still elimination, it occurs at a much smaller rate, 
and must be a cis-elimination. 
BEMILLER and KUMARI (1972) have studied the ß-elimination in the methyl-
esters of methyl pyranosides of 2,3,4-tri-O-methyl-a-D-galacturonic acid, 
-a-D-glucuronic acid and -a-D-mannuronic acid (for structures see Fig. 1.3) 
at different alkali concentrations. The rates of the reactions were too fast to 
detect differences and thus evidence which would favor a trans-elimination 
above cis-elimination was not found. However, in the case of the ester of D-
mannuronic acid, the same authors also reported a subsequent elimination, 
after the formation of the product with the unsaturated bond between C-4 and 
C-5, leading to a second double bond, between C-2 and C-3. This second elimi-
nation is not observed in the other cases indicating a pronounced favor for 
trans- above cis-elimination. This means that ring rigidity dictates whether or 
not trans-elimination is favored above cis-elimination (the 4,5 unsaturated prod-
uct is much more rigid). These conclusions are in good agreement with the 
results obtained by WISTLER and BEMILLER (1960) and HAUG et al. (1963) on 
the difference in ß-elimination rates between polymers containing (l-4)-linked 
D-galactopyranosid-uronic acid esters (trans (a,a)elimination) and those of 
polymers consisting of D-mannopyranosiduronic acid esters. 
Thus the mechanism of the chemical elimination of uronic acids can be assumed 
in all cases to occur according to the following pathway: a) removal of the 
proton at C-5 (forming a carbanion), b) conformational inversion (if necessary 
and possible) and c) elimination; an Elcb mechanism. 
The ß-eliminative degradation of carbohydrates has been reviewed recently 
by Kiss (1974). In this excellent review the present state of our knowledge on 
both chemical and enzymic elimination is given. 
In nature the elimination reactions within sugar polymers which contain 
uronic acid residues are catalyzed by enzymes, and are not so strictly bound to 
the same demands of conformation or configuration as in the chemical elimina-
tion reactions. Already in 1954 WEISSMANN et al. reported on enzymes which 
are able, as determined later, to degrade hyaluronic acid by an eliminative 
process. SUZUKI (1960) and HOFFMAN et al. (1957, 1960) described enzymes 
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FIG. 1.4. Structures of: sodium hyaluronate (I), dermatan sulphate (II), chondroïtin 6-
sulphate (III), chondroïtin 4-sulphate (IV), heparin (V), the subunits of alginic acid (VI) and 
pectin (VII). The conformations of the subunits are C-l (D), 1-C (L), C-l (D), C-l (D), C-l 
(D) and 1-C (L), C-l (D) and 1-C (L), C-l (D) respectively. 
which are able to catalyze the eliminative depolymerization of chondroitin-4-
sulphate, chondroitin-6-sulphate and dermatan sulphate respectively. N-acetyl-
heparansulphate (LINKER and SAMPSON, 1960) and heparin (DIETRICH, 1968, 
1969) can be degraded enzymatically in an analogous fashion. 
The eliminative breakdown of pectin and pectic acid was first reported by 
ALBERSHEIM (1958) and PREISS and ASHWELL (1963) respectively. PREISS and 
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ASHWELL (1962) also reported the ß-eliminative degradation of alginic acid. 
Fig. 1.4 shows the different structural formulas of these complex sugars. It 
can be seen that heparin and alginic acid have two possibilities of (enzymatic) 
eliminative cleavage (as well diaxial as axial-equatorial). The subscript C-l 
(D) or 1-C (L) indicates the configuration of the residue involved. These two 
kinds of configuration are depicted in Fig. 1.1, from which the type of elimina-
tion (a,a or a,e) can be determined. In the same figure the configuration of the 
unsaturated product obtained after elimination is shown for the case of pectin. 
These examples show that in nature elimination occurs with both diaxially 
oriented and equatorially-axially oriented leaving groups. 
However, it has not yet been conclusively shown, that the enzymic eliminative 
depolymerisation of polyuronic acids proceeds through a carbanion mechanism 
as is the case in chemical trans-elimination. Also the rate limiting step has 
not yet been determined in any of the enzymic trans-elimination reactions. 
The importance of pectic substances and enzymes in nature and industry 
have been reviewed by VORAGEN and PILNIK (1970). From this review we know 
that pectin lyases are a common constituent of commercial enzyme preparations 
used widely in the food industry, and therefore their products with an unsatu-
rated bond occur also in food. No one has determined whether these prod-
ucts have toxicological or carcinogenic side-effects. This aspect is beyond the 
scope of this thesis, but it is notable that the esterified unsaturated compounds 
are unstable and also that biochemical transformation of the 4,5 unsaturated 
4-deoxyhexopyranuronates is known to occur in micro-organism. In Fig. 1.5 a 
scheme is given for the biological degradation of 4-deoxy-L-threo-hex-4-
enopyranuronate, and endproduct of the enzymatic elimination of for example 
pectic acid and alginic acid. The degradation is mediated by a pyridine nu-
cleotide linked dehydrogenase, leading to glyceraldehyde 3-phosphate and 
pyruvate (ASHWELL et al., 1960 and PREISS and ASHWELL, 1962, 1963). 
After this general introduction into the field of both chemical and enzymic, 
eliminative breakdown of poly-uronic carbohydrates, only the elimination of 
pectin by pectin lyase will be considered. 
After their discovery by ALBERSHEIM et al. (1960), relatively little literature 
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FIG. 1.5. Biochemical transformation of 4-deoxy-L-threo-hex-4-enopyranuronate after 
PREISS and ASHWELL (1962,1963). 
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noted earlier in the case of the literature about pectic enzymes, can be made 
about the literature on pectin lyases. Consequently the reported data for p H 
optima (ALBERSHEIM and KILLIAS, 1962; EDSTROM and PHAFF, 1964; B U S H and 
CODNER, 1970; AMADO, 1970 and ISHII and YOKOTSUKA, 1972), Km-values and 
turnover numbers (ALBERSHEIM and KILLIAS, 1962; B U S H and CODNER, 1970 
and AMADO, 1970), activation energy (AMADO, 1970; ALBERSHEIM and KILLIAS, 
1962) etc. cannot be compared. Only VORAGEN (1972), ISHII and YOKOTSUKA 
(1972) and BUSH and CODNER (1970) have provided some indication of the 
purity of the enzyme preparations, namely analysis by Polyacrylamide disc gel 
electrophoresis. 
The pectin lyases described in the literature can be roughly divided into two 
classes. Enzymes in one class are characterized by a low p H optimum (5 to 7) 
and an absolute specificity for pectin, while enzymes in the second class show a 
much higher p H optimum (above 8) and also degrade pectic acid (but with a 
smaller turnover number). Enzymes in the second class are also distinguished 
by a requirement for C a 2 + i o n s . This second class seems to occur mainly in 
pathogenic fungi (BYRDE and FIELDING, 1968; Bateman, 1966, and SHER-
WOOD 1966). 
The confusing literature about pectin lyases prompted us to study systemati-
cally the effects of substrate, p H , ionic strength and temperature on a pectin 
lyase isolated from Aspergillus niger in order to elucidate (partly) its mechanism 
of action. Determination of the Michaelis-Menten parameters with oligomeric 
substrates is a further method that has been used to study the mechanism of 
action of depolymerizing enzymes and to develop the so-called subsite model. 
The glycoprotein character of pectin lyase has had two consequences. In the 
first place it has evoked a search for a possible function of the carbohydrate 
moiety of the enzyme and secondly it has enabled us to carry out affinity chro-
matography using immobilized lectins (in our case Concanavalin A). 
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2. M A T E R I A L S A N D M E T H O D S 
2.1. MATERIALS 
The starting materials used for the isolation of pectin lyase, Ultrazym-20, 
Ultrazym-40, Ultrazym-100 and a concentrated culture extract, were a generous 
gift of Dr. P. W. Müller from Ciba-Geigy A.G.. These materials were obtained 
from a culture of one Aspergillus niger strain on a solid medium. 
Commercial pectin preparations, brown ribbon and green ribbon pectin, 
were obtained from Obi-pektin A.G.; a-methyl-D-glucoside from Sigma 
Chemical Co.; polygalacturonic acid from Schuchardt and a-D-galacturonic 
acid from Fluka A.G. 
Chromatography materials like Con A-Sepharose, DEAE Sephadex A-50, 
Sephadex G-100, G-200 and G-25, carrier ampholytes (3-6), Blue dextran 
and Sepharose 6-B were purchased from Pharmacia Fine Chemicals, whereas 
Biogel P-2 was obtained from Biorad and Dowex 1 XB from Noury and Baker. 
Ammonium persulphate and N,N,N;N'-tetramethylenediamine were purchased 
from E.C. Company, Philadelphia; acrylamide and SDS from British Drug 
House; N,N'-methylene diacrylamide from Koch-Light and Brilliant Blue R 
from Sigma Chemical Co.. Calibration proteins for molecular weight deter-
minations were obtained from Boehringer GmbH. 
2,4-dichlorophenoxyacetic acid, sodium azide and indolyl acetic acid were 
delivered by British Drug House; N-acetyl imidazole by Sigma Chemical Co; 
glycin methylester by Merck; Bengal Rose by British Drug House; sulphanic 
acid by Brocades, N-ethyl-N'- (3-dimethylaminopropyl)-carbodiimidhydro-
chloride by Merck; Ellman's reagent by Britisch Drug House, diethyl pyro-
carbonate by Sigma Chemical Co. and vanilin by Merck. All other reagents 
and chemicals were of analytical grade. 
2.2. METHODS 
2.2.1 Preparation of highly esterified pectin 
Highly esterified pectin was prepared from brown ribbon apple pectin, a 
commercial pectin preparation which has a degree of esterification of about 
75%. For this, 200 g pectin was wetted with ethanol (96%), 20 litres water were 
added and the mixture was kept at 60 °C for 3 hrs. The undissolved material 
was removed by centrifugation at 18,000 r.p.m. in a continuous flow rotor 
adapted to a M.S.E. 18 centrifuge. In order to bleach the colored preparation 
5 g NaC102 was added to the supernatant (DERUNGS, 1958) and the solution 
was subsequently stirred for one night at 4°C. The solution was then filtered 
over filter aid and the pectin in the filtrate was precipitated by slowly adding, 
with vigorous mixing, 96 % ethanol (ratio of alcohol to pectin solution is 7:3) at 
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room temperature. The precipitate was washed with ethanol (96%). Cations 
could be removed by washing this precipitate with a mixture of ethanol (70%) 
and 5N HCl in a 3:1 volume ratio. Further washings were performed with 70 % 
ethanol until the filtrate was free from chloride. Thereafter the pectin was 
washed with ethanol 96% followed by 100% acetone. The preparation was 
then dried under vacuum at 40°C (yield ca. 160 g pectin). The esterification was 
done according to HERI et al. (1961) with an absolute methanol-2 N sulphuric 
acid mixture. The pectin preparation was suspended in 5 litres of this mixture, 
which was pre-cooled on an ice bath, and allowed to react for one week under 
continuous stirring at 4°C under N2 . 
As much water is produced during the esterification, the pectin was collected 
by filtration, washed with absolute methanol until sulphate free, dried at 40 °C 
and resuspended again in a methanol-2 N sulphuric acid mixture. After two 
weeks the pectin was filtered, washed with 70% ethanol, until acid free, and 
then with ethanol (96%). The preparation was dried under vacuo at 40 °C 
(yield 140 g pectin). 
The degree of esterification and the uronide content of the preparation were 
determined acidimetrically according to DOESBURG (1965) and found to be 
94.2% and 79% respectively. The water content, determined with the Karl-
Fisher method (VOGEL, 1961), was 15.5%. The preparation therefore contained 
5.5% impurity (non uronide). The degree of polymerisation of this preparation 
was kindly determined by Dr. A. G. J. Voragen by osmometry and found to 
be approximately 42. 
From this preparation stock solutions for activity measurements were made 
as follows: 90 ml distilled water was added to 1 g of pectin, wetted with ethanol, 
and the mixture was heated at 100°C for 10 min. Undissolved material was 
removed by filtration over glasswool, and the solution was made up to 100 ml. 
Stock solutions were stored in the refrigerator for not longer than one week. 
2.2.2. Preparation of pectin oligomers 
The pectic acid oligomers were prepared by leading an aqueous 1 % pectic 
acid solution over a column (5 cm x 1.5 cm diameters) of immobilized poly-
galacturonase with a flow rate of 20 ml/hr (VAN HOUDENHOVEN et al., 1974). 
The eluate, a mixture of different oligomers containing mainly trimer to 
hexamer, was concentrated (to 2% of the total volume) and SrCl2 was added in 
100% excess. The strontium salts of the uronates were precipitated by addition 
of 4 volumes of 92 % ethanol. They were dissolved in distilled water and con-
verted to free acids by stirring overnight with an excess of Dowex-W X8 (H+) . 
After filtration, the solution was loaded on a column with dimensions of 2.5 
X 100 cm (Dowex 1X8,200-400 mesh in the formate form). Elution and separa-
tion was performed by using a 10 liter linear gradient from 0.2 to 0.8 M sodium 
formate pH 4.7 (NAGEL and WILSON, 1969). The individual peaks from the 
column were concentrated, converted to free acids and rechromatographed 
as described above, but with a salt gradient adapted to the polymerization 
degree. Final products were concentrated and converted to free acids, then 
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further concentrated by evaporation to a thin syrup and precipitated with 96 % 
ethanol. After washing twice with alcohol, the material was collected by filtra-
tion and vacuum dried at 50 °C. The separation of oligomers, outlined above, 
was kindly performed by Dr. A. G. J. Voragen (for more detailed information 
see VORAGEN, 1972). The products were analyzed by t.l.c. on silica gel with a 
butanol, formic acid, water mixture (2:3:1) (KOLLER and NEUKOM, 1964) as 
developing solvent. Spots were detected by spraying with 3 % sulphuric acid 
and 0.5 % vanilin in ethanol followed by heating for 10 min. at 100°C. 
Esterification of the individual oligomers was performed by dissolving them 
in abs. CH3OH + 0.02 N HCl (1 % solution) and allowing the oligomers to 
react during two weeks at 4°C. The reaction was stopped by neutralization 
with Ag 2 C0 3 (300% excess over chloride). After filtration the solution was 
evaporated to dryness. The residue was dissolved in water and freeze-dried. 
Esterified oligomers were stored under vacuo and not redissolved until imme-
diately before use. 
2.2.3. Storage of pectin lyase 
The purified enzyme, both pectin lyase type I and type II, was routinely 
stored frozen at -10°C. Standard buffer used to dissolve and dilute the enzyme 
was 0.02 M phosphate buffer pH 6.0 containing 0.2 M NaCl, unless stated 
otherwise. 
2.2.4. Assay of pectin lyase activity 
The activity was assayed spectrophotometrically by recording the increase 
in optical density at 235 nm (ALBERSHEIM et al., 1960). Initially, the catalytic 
activities are expressed in units. One unit has been defined as that quantity 
of enzyme which causes an increase in extinction of 1 per minute under standard 
assay conditions. 
The assay mixture contains: 1.5 ml Mcllvaine buffer pH 6.0 ([i. =0.5) , 
0.1-1.4 ml 1 % pectin stock solution in distilled water and 1.3-0 ml distilled 
water. After equilibration in a waterbath at 25 °C, 0.1 ml of enzyme in a ap-
propriate dilution (corresponding with an increase in optical density between 
0.1 and 0.2 per minute) is added. In the standard assay 0.25 ml of substrate is used. 
For the determination of the pH dependency (Chapter 4), Mcllvaine buffers 
and phosphate buffers of constant ionic strength (0.5 and 0.1 respectively) 
were used, prepared as described by DAWSON et al. (1969) and BOYD (1965) re-
sulting in a final ionic strength of 0.25 and 0.05 respectively. For the measure-
ments above pH 6.0, the pectin stock solution was adjusted at pH 6.0 before 
use with 1 N NaOH. The pH was measured directly in the cuvette with a 
Radiometer PHM 25b, with scale expander (MHA 925a) and microelectrode 
(Ingold, type 405-M3-NS). In the case of temperature dependency studies, 
temperatures were measured 1 minute after enzyme addition, directly in the 
cuvette, with a telethermometer. Temperature range of the measurements: 
4-32°C. 
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2.2.5. Calculation of kinetic parameters 
V and Km-values were calculated by non linear regression analysis with a 
standard Wang program (no 1047/GS 2), for a Wang 700 electronic calculator 
in combination with an IBM typewriter/plotter, which has been slightly changed 
in order to obtain a listing of input and output. The parameters were converted 
into international units, using 37500 and 36750 for the molecular weights of 
pectin lyase type I and II respectively and 5500 M_ 1cm_ 1 as extinction coeffi-
cient of the unsaturated product (Edstrom and Phaff, 1964). 
Curve fitting of pH profiles is carried out with the same equipment. There-
fore, the data points were first plotted with a Wang program 'Standarized point 
plotting routine for first quadrant-automatic scaling' (no 1020/GC/UT 1). 
Thereafter steps 214-574 were loaded of a Wang program 'Standarized plot-
ting routine for the first quadrant-automatic scaling (no 1017 GC/UT 1). After 
step 574 we inserted a program for storage of constants and calculation of the 
function; in case of V according to eq. 4.9, for V/Km to eq.4.18, for Km to eq.4.9 
divided by eq.4.18 and for v based on eq. 4.20. 
Computor analysis of the pH profiles, in order to obtain the different con-
stants, was kindly performed by Ir. G. S. Stelling of the computer centre of 
the Agricultural University on a DEC 10 computer. The program is based on 
the method of SPÄTH (1967) for minimizing a sum of squares and for solving a 
system of non linear equations. Of great importance in this procedure is the 
choice of the precision and the step size. An estimate of the constants (starting 
values) has to be given in advance. 
The expression of the substrate concentration is unless otherwise stated, 
based on the number of glycosidic bonds which connect esterified galacturonic 
residues and is given in moles/liter. 
Therefore, the amount of weighed pectin is corrected for uronide content, 
moisture content, degree of esterification and the kind of glycosidic bonds 
mentioned above. The last correction was obtained by multiplying the concen-
tration by the square of the fraction of esterified groups. 
For example : 
[ S ] = Z . x (100-%M-%NU) x /%V\' 
Mw 100 \100/ V ' } 
in which: W : weight of pectin (grams/liter) 
Mw : mean molecular weight monomer 
%M : moisture content (percentage) 
%NU: percentage non uronide 
%V : percentage of esterification 
[S] : substrate concentration 
2.2.6. Polyacrylamide disc gel electrophoresis 
Electrophoresis was carried out using an acrylophore from Pleuger in com-
*
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bination with a Shandon power supply. Stock solutions were made and gel 
polymerization performed as described by ORNSTEIN and DAVIS (1962). The 
system consisted of a fine-pore gel (10%) overlayered with a small amount of 
large-pore gel (4%). The electrophoresis buffer was 10 mM Tris/glycine (pH 
8.3-8.5). Electrophoresis was carried out at 2.5 mA per tube for 2 hrs at 4°C. 
The amount of protein used in different experiments varied from 20 to 200 \xg. 
Staining and fixation of the protein bands were performed in 0.05 % solution 
of Coomassie Brilliant Blue R. in 10% T. C. A. during 1 hr. (CRAMBACH, 
1967). The dye solution was made just before use by diluting a 1 % dye solution 
in H 2 0 1:20 (v/v) with 12.5 % T.C.A. Destaining of the gel was carried out by 
washing over a 48 hrs period with several changes of 10% T.C.A. 
The patterns were analyzed by scanning the gels with a Gilford electro-
phoresis spectrophotometer, equipped with a linear transport mechanism, 
measuring relative densities at 560 nm. 
2.2.7. Sodium dodecylsulphate-polyacrylamide gel electrophoresis 
SDS gel electrophoresis was carried out using the equipment described above 
for normal disc gel electrophoresis. Stock solutions were made according to 
LAEMLI (1970). Routinely a standard gel percentage of 10% was used. Varia-
tions in percentage of gel were obtained by varying the ratio of acrylamide/ 
bisacrylamide solution to water. The total volume of both solutions was kept 
constant. Protein samples were pre-incubated for 2 hrs at 37 °C in 0.0625 M 
Tris/HCl buffer pH 6.8 containing 2% (w/w) SDS, 10% (v/v) glycerol, 5% 
ß-mercaptoethanol and 0.001 % bromophenol blue. The composition of the 
electrophoresis buffer was 2 mM Tris/HCl, containing 1 % SDS, pH 8.4. 
The proteins used for calibration were: bovine serum albumin (67,000) 
catalase (60,000), tobacco mosaic virus protein (T.M.V.) (17,400), ß-lactoglo-
bulin (18,600), lysozyme (14,300), ribonuclease (13,500) and cytochrome c 
(12,500). Samples were pre-incubated for 3 min. at 100°C. 
Electrophoresis was carried out by applying a current of 2 mA per tube 
during 4 hrs. Staining and destaining were done according to WEBER and OS-
BORNE (1969). 
Acrylamide and bisacrylamide were recrystallized before use from chloro-
form and acetone respectively (MAURER, 1968). 
2.2.8. Iso-electrofocusing 
Electrofocusing experiments were performed with a L.K.B. ampholine 
Electrofocusing equipment consisting of a column L.K.B. 8101 (110 ml), a 
L.K.B. power supply 3371 D and a gradient mixer, L.K.B. 8121. The light 
electrode solution for the cathode contained 0.2 ml ethanolamine and 10 ml 
H 2 0 , while the dense electrode solution for the anode was composed out 
of 12 g sucrose, 14 ml H 2 0 and 0.2 ml H 3 P0 4 . The gradient itself was formed 
out of the components. The heavy component consisted out of 3.7 ml carrier 
ampholytes 3-6 in 42 ml H 2 0 with 28 g sucrose whereas the light component 
consisted out of 1.3 ml carrier ampholytes 3-6 in 60 ml H 2 0 . The enzyme was 
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applied after the column had been half-filled. The enzyme solution (0.4 ml) 
contained 25 mg sucrose and 0.02 ml carrier ampholytes. The voltage applied 
was gradually increased during the first 4 hrs of the experiments from 160 to 
340 mV (power never exceeded 1.2 Watt). After 40 hrs equilibrium was reached 
and fractions of 1 ml were collected and assayed for extinction at 280 nm, 
pectin lyase activity and pH. 
2.2.9. Gel-chromatography 
2.2.9.1. Ge l f i l t r a t ion on Sephadex G-200 and G-100 
The molecular weight determinations with Sephadex G-200 were performed 
with a L.K.B. precision column (90 cm X 1.2 cm diameter); in the case of 
experiments on Sephadex G-100 a Pharmacia column (45 cm X 2.5 cm diame-
ter) was used. Experiments were done in two different buffer systems : 
a. 20 mM phosphate buffer pH 6.0 plus 200 mM NaCl, 
b. 50 mM Tris/HCl buffer pH 7.5 to which 100 mM KCl and 30 mM EDTA was 
added. 
The columns were calibrated with Blue dextran and the following proteins : 
alcohol dehydrogenase (yeast, 150000), lipoamide dehydrogenase (pig heart, 
104000), ovalbumine (42500), cytochrome c (12500), ribonuclease (13500) and 
a riboflavin binding protein (37000). 
The data were analyzed in two different ways : 
a. All data were treated according to ANDREWS (1964) and ANDERSON and 
STODDARD (1966), in which it is assumed that the gel filtration occurs through 
steric exclusion. By plotting the elution parameter of the protein (Ve or 
Ve/V„) versus the logarithm of the molecular weight (mol.wt.) of the standard 
proteins a calibration curve is obtained. 
b. For experiments performed with Sephadex G-200, the equation (2.2), derived 
by ACKERS (1964) for restricted diffusion in cylindrical pores, is also used. 
Kd = X y l ° = (1 - a/r)2 [1 - 2.104 a/r + 2.09 (a/r)3 - 0.95 (a/r)5] 
V i
 (2.2) 
V, = inner volume of the particles (0.95 (Vt-V„)) 
a = Stokes radius of the protein 
r = pore radius of the particle. 
For calculations according this theory the column was calibrated with Blue 
dextran, alcohol dehydrogenase (yeast, a = 46 Â) and lipoamide dehydroge-
nase (pig heart, 41 Â). With the Svedberg relationship the mol.wt. can be 
calculated; the frictional coefficient and the diffusion coefficient can also be 
obtained from the Stokes radius as described by SIEGEL and MONTY (1966). 
2.2.9.2. Gel f i l t ra t ion in 6 M G u a n i d i n e - HCl 
This was performed essentially as described by FISH et al. (1969) on a column 
(40 cm x 2.5 cm diameter) of Sepharose-6B using Blue dextran and tryptophan 
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as markers for the void volume (V0) and internal volume (Vt) respectively. The 
column was equilibrated with 20 mM Tris/HCl pH 7.5 containing 6 M 
GuHCl. Calibration proteins were: riboflavin binding protein (37000), ß-
lactoglobulin (18600), ribonuclease (13500) and bovine serum albumin (67000). 
Samples of 0.5 ml of standard proteins and pectin lyase in 50 mM Tris/HCl 
pH 7.5 and 6 M GuHCl were reduced under nitrogen during 4 hrs with 0.2 ml 
ß-mercaptoethanol, followed by a 2 hrs incubation period with 0.02 ml acrylo-
nitril under nitrogen in order to block sulphydryl groups (WEIL and SEIBLES, 
1961). GuHCl was recrystallized before use as described by NOZAKI (1972). 
The weights of all fractions were measured. 
The distribution coefficient of the protein is calculated using the expression: 
V - V 
Kd = _S ° (2.3) 
V- - V • 
A plot of Kd versus log mol.wt. is not linear (FISH et al., 1969) in this 
case. PORATH (1963) derived the equation: 
K d 1 / 3 = A - B . R e (2.4) 
in which A and B represent condition and protein dependent constants and 
Re the effective hydrodynamic radius of the solute. 
Re is directly proportional to the radius of gyration (RG), while, for reduced 
polypeptide chains in 6 M GuHCl, R G ~M 0 - 5 5 5 (FISH et al., 1969). Therefore 
a linear standard curve can be constructed by plotting KdJ versus (mol.wt.)0-555. 
In cases of gelchromatography and SDS electrophoresis, where the para-
meters wanted are deduced from linear calibration curves, these curves are 
calculated with their correlation coefficient by linear regression analysis. 
2.2.10. Ultracentrifugation 
Sedimentation and diffusion coefficients were determined using an M.S.E. 
analytical ultracentrifuge. Sedimentation or diffusion processes were followed 
with Schlieren optics and photographs were taken at regular time intervals. For 
the calculation of the sedimentation coefficient a graphical method according 
to ELIAS (1961) was chosen. The diffusion coefficient was obtained by using the 
surface method described by the same author. In both types of experiment, 
the temperature was kept at 20 °C, while the rotor speeds were 55000 r.p.m. 
and 5000 r.p.m. respectively. The molecular weight was determined using the 
Svedberg relationship 
RTs M = ° - (2.5) 
( l - v P ) D 
M molecular weight dalton 
R gas constant erg. mole ~1 .deg. ~1 
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v partial specific volume ml/g 
p density g/ml 
s sedimentation coefficient s e c - 1 
D diffusion coefficient c m 2 s e c - 1 
The molecular weight has also been determined by equilibrium centrifuga-
tion using a Spinco analytical ultracentrifuge model E equipped with a recor-
ding system for absorption at different wavelengths (Es and B O N T , 1966). 
The mol.wt. was calculated from the slope of a In c versus r2 plot. The equili-
brium centrifugation was kindly performed by Dr. J. A. L. Walters at the Dept . 
of Biochemistry of the University of Nijmegen. 
2.2.11. Circular Dichroism 
CD spectra were recorded on a Jouan Dichrograph II. Cells of 5 m m were 
used. The cell compartment was flushed with dry nitrogen. Special care was 
taken to place the cell in the right position upon recording in the far ultraviolet 
region. The helical content of the protein was estimated from the mean residual 
ellipticity at 222 nm. In the used approximation (2.6) of C H E N and Y A N G 
(1971) a correction for contributions of ß-structures near 222 nm in included. 
[ 0 ] 2 2 2 = - 3 0 , 3 0 0 f H - 2 3 4 0 (2.6) 
[©]222 mean residual ellipticity 
fH fraction with helical conformation. 
2.2.12. Optical Rotatory Dispersion 
O R D measurements were made with a Jasco ORD/UV-5 . The compartment 
was flushed with nitrogen. Analysis of the spectra were only carried out for the 
determination of the helical content by using the mean residual specific rotation 
(m') at 233 nm and the relation (2.7) of C H E N and Y A N G (1971). 
[ m ' ] 2 3 3 = - 1 2 , 7 0 0 f H - 2 5 2 0 (2.7) 
2.2.13. Fluorescence 
The fluorescence measurements were performed with a Hitachi-Perkin Elmer 
M P 2A fluorospectrophotometer or a cross correlation phase and modulation 
fluorometer built by the T F D L (Wageningen). Spectra are not corrected for 
scatter of the solvent and variations in the intensity of the lamp. 
2.2.14. Determination of sugars 
The carbohydrate moiety of both types of pectin lyase was analyzed by Gas 
Liquid Chromatography according to the method of CLAMP et al. (1971). In 
this case the preparation of the samples for chromatography consist out of 
methanolysis, re-N-acetylation and trimethylsilylation. 
For the performance of the experiments Dr. J. F . G. Vliegenthart had kindly 
given hospitality at his laboratory of Organic Chemistry at the University of 
Utrecht. 
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3. P U R I F I C A T I O N A N D C H A R A C T E R I Z A T I O N 
3.1. INTRODUCTION 
Purifications of pectolytic enzymes have been described since micro-orga-
nisms, capable of degrading pectin, were discovered in 1850 by MITSCHERLICH. 
The earlier literature has been reviewed by DEUEL and STUTZ (1958). The 
subsequent discovery of the enzymic eliminative breakdown of pectin and 
pectic acid required a complete reexamination of all the previous literature on 
the subject. 
In most of the literature the criteria used for purity and classification of 
pectolytic enzymes are the lack of (accidentally) tested contaminating activities, 
and furthermore pH profiles, thermostability, pH stability etc.. Only in excep-
tional cases does the literature mention an analysis for purity such as Poly-
acrylamide disc gel electrophoresis, molecular weight determination etc.. 
With respect to the purification methods employed, a distinction can be made 
between the conventional methods which are based on the physico-chemical 
properties of the protein and more recent methods which depend on affinity 
chromatography. The latter method is based on specific recognition and rever-
sible adsorption of the enzyme on for example a substrate, a competitive inhi-
bitor or a cofactor. This technique has already been used in principle by ED-
STROM and PHAFF (1964) by their finding of a selective adsorption of polygalac-
turonase on Ca-pectate gel. 
For several reasons a complete purification of fungal extracellular enzymes 
is very difficult and time consuming. First of all fungi often excrete more than 
one enzyme which catalyzes the same reaction and appears to have very similar 
physico-chemical properties. For example, Aspergillus carneus (HIRAOKA et al., 
1972) excretes two dextranases with pi values of 4.12 and 4.35, whereas two 
types of pectinesterase were found in Coniothyrium diplodiella which differ 
only slightly in isoelectric point (ENDO, 1964). Similarly, ERIKSON and PETTERSON 
(1968) isolated two cellulases from Stereum sanguinolentum which differ slightly 
with respect to isoelectric point and carbohydrate content. This means that 
especially with fungal extracellular enzymes the presence of only one enzyme 
activity does not exclude the possibility that more than one enzyme is present. 
Secondly, many pectic enzymes and other extracellular enzymes from the same 
source have very similar molecular weights and charges, with the result that 
they are very difficult to separate by conventional techniques of protein frac-
tionation. 
A good illustration of the difficulties which arise in the purification of one 
enzyme, for the reasons just mentioned, can be found in the series of papers 
by Bahl and coworkers concerning the purification of glycosidases of Aspergil-
lus niger. Several different glycosidase activities were tested in the extracts of 
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A. niger and during their separate purification. Elution profiles obtained by 
ion exchange chromatography on DEAE-Sephadex columns and by molecular 
sieving on Sephadex G-150 columns, showed only minor differences in charge 
and molecular weight between the glycosidases ß-galactosidase, ß-mannosidase, 
a-mannosidase, ß-N-acetylglucosaminidase (MATTA and BAHL, 1972). Even 
after the DEAE and Sephadex treatments a contaminating protease activity 
is present (BAHL and AGRAWAL, 1972). 
Because of these problems, the technique of affinity chromatography promi-
ses to become particular useful for the purification of extracellular enzymes 
from fungi. Some examples of the use of this method for the purification of 
sugar degrading enzymes are given by JUNO wies and PARIS (1973) for glycosi-
dases, by HARRIS et al. (1973) for ß-glucuronidase, by JENSEN and KLEPPE (1972) 
for lysozyme and by REXOVÂ-BENKOVÂ and TIBENSKY (1972) for polygalacturo-
nase. 
3.2. PURIFICATION 
The purification procedure has been changed several times, due to differences 
in the starting material, and also as a result of scaling up. As source of the en-
zyme, U-20, U-40, U-100 and a concentrated culture liquor have been succes-
sively used. These commercially available preparations all contain pectin lyase 
from the same fungal source. In the enzyme preparation U-20, the enzymes are 
adsorbed and dried together with some other insoluble material. U-40 on the 
other hand, is a liquid enzyme preparation. U-100 is a soluble freeze-dried 
powder. The activities of these preparations, given by the manufacturer in so-
called pectinase units, are 500000, 1000000 and 2000000 for U-20, U-40 
and U-100 per g or in ml respectively. Also 200 g of U-20, 100 ml of U-40 and 
50 g of U-100 give the same amount of alleviation of pressing (resp. increase of 
juice yield) of 1000 kg crushed fruit. Thus the relative efficiencies in a technolog-
ical application are in good agreement with the relative pectin lyase activities 
of the different preparations. 
The first step in the purification depends on the starting material used. 
U-20 is extracted by suspension in distilled water (50 g/1) and stirring for 3 
hours. The suspension is then filtered through cheese-cloth and the filtrate centri-
fuged (30 min. at 20000 g). The supernatant is concentrated 10 times by evapora-
tion taking care to keep the extract at 20 °C. U-100 (50 g) is dissolved in distilled 
H 2 0 to a volume of 160 ml, the pH adjusted to 6 with 1 N NaOH, the solution 
stirred for 1 hr. at 4°C and then centrifuged (1 hour at 38000 g) to obtain a 
crude extract. U-40 is used without pretreatment. Steps which follow in the 
purification are identical for U-20. U-40 and U-100. 
First of all, those purification steps will be described briefly, which were used 
in the beginning phase of the research of this subject. The extract was desalted 
on a column of Sephadex G-25 equilibrated with distilled water. The volume 
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of the extract desalted in one cycle, was less than one third of the total bedvolu-
me of the colmn. The desalted preparation was then treated batchwise with 
Ca-phosphate gel. After washing the gel three times with water, and once with 
0.03 M phosphate buffer, the enzyme was eluted with 0.1 M phosphate buffer. 
The active fractions were concentrated by freeze-drying. The final step in this 
procedure involved gel filtration in Sephadex G-100. The batch procedure with 
Ca-phosphate gel was later found to give not very reproducible results, and as a 
consequence other purification procedures were tested. It was found that treat-
ment on an anion exchange column not only gave a good purification, but also 
separated two fractions with pectin lyase activity. The presence of two similar 
enzymes was not detected in preparations made by the earlier method. However, 
even in this case a symmetrical Schlieren peak was obtained if a sedimentation 
run was done in the MSE analytical ultracentrifuge. Also only one protein band 
was detected upon Polyacrylamide gel disc electrophoresis (however, in this 
case the pH of the electrophoresis buffer was 9.5). Notwithstanding this, the 
'old' purification method is briefly mentioned, because several experiments were 
done with enzyme prepared in this way. A comparison of characteristics, such 
as mol.wt., pH dependency of the activity, cation influence on activity etc., of 
the mixture and the separated enzymes have shown that results obtained with 
the mixture can be analyzed, in such a way, that the characteristics of the individ-
ual enzymes can be evaluated. 
3.2.1. Small-scale purification 
Extraction: The extraction procedure for the different starting materials is 
already described. 
Gel filtration: The supernatant from the previous step is treated by gel filtra-
tion on a column of Sephadex G-25. The column is equilibrated with 0.02 M 
phosphate buffer pH 6.0 plus 0.2 M NaCl. This buffer is also used for elution. 
The minimum ratio of bedvolume to the volume of the enzyme solution applied 
was 3. This treatment lowers the salt concentration, decolourises the extract and 
also removes sugars which are initially present in high concentrations. 
First DEAE-Sephadex A-50 column: The enzyme is applied to a DEAE-
Sephadex A-50 column (17 cm X 3.5 cm diameter), equilibrated with 0.02 M 
sodium phosphate buffer pH 6.0 containing 0.2 M NaCl, and the column is 
eluted with the same buffer until the absorbance of the eluate at 280 nm is zero. 
During the washing of the column much U.V. absorbing contaminating material 
is removed. Some pectin lyase activity, about 4-5% of the total activity is 
detectable in the eluate. The main pectin lyase activity is eluted by applying 
a linear gradient of 0.02 M phosphate buffer pH 6.0 containing 0.2 M to 0.7 
M NaCl respectively (600 ml of each). As can be seen from the elution profile 
in Fig. 3.1, two fractions with pectin lyase activity are found; these are arbitrari-
ly called pectin lyase type I and pectin lyase type II. 
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tube number 
FIG. 3.1. Elution profile of the first DEAE-Sephadex A-50 column (17 cm x 3.5 cm diameter). 
Elution is performed with a linear salt gradient from 0.2 to 0.7 M NaCl ( ). Fraction 
size: 12 ml; pectin lyase activity (X X); absorbance at 280 nm ( •• • ) . Fractions 
are combined as indicated by arrows. 
Further treatment of pectin lyase type I 
Second DEAE-Sephadex A-50 column: Fractions containing pectin lyase 
type I are combined as indicated by the arrows in Fig. 3.1. The pooled enzyme 
is diluted twice with distilled water and treated on a second DEAE-Sephadex-
A-50 column. This column is used firstly to remove all traces of pectin lyase 
type II from type I, but also to remove other contaminants. Elution of the 
enzyme is performed with a linear gradient made from 600 ml 0.02 M phosphate 
buffer pH 6.0 containing 0.3 M NaCl and 600 ml of the same buffer with 0.6 
M NaCl. 
Concentration: Concentration of the combined fractions of pectin lyase type 
I is carried out by diluting the enzyme to the proper ionic strength at which the 
enzyme can be adsorbed on a small DEAE-Sephadex A-50 column (9 cm X 2 
cm diameter). The column is equilibrated with 0.02 M phosphate buffer pH 
6.0 containing 0.2 M NaCl. The concentrated protein is eluted by washing the 
column with the same buffer containing 1 M NaCl. 
Adsorption chromatography: The concentrated enzyme solution of pectin 
lyase type I is treated on a column of Sephadex G-25 (20 cm x 2.5 cm diameter), 
equilibrated with 0.02 M phosphate buffer pH 6.0 and then treated on a column 
of calcium phosphate. The Ca-phosphate gel column (17 cm x 3 cm diameter) 
is made by mixing Ca-phosphate gel (80 mg/ml) and cellulose (10% w/v) in 
a volume ratio of 1:8. Pectin lyase type I is adsorbed on the column and sub-













FIF. 3.2. Elution profile of the second DEAE-Sephadex A-50 column (16 x 2.5 cm diameter) 
loaded with pectin lyase type II, eluted with a pH gradient from 5.0 to 3.5 (see text). Fraction 
size: 20 ml; pectin lyase activity (X X); absorbance at 280 nm ( • • ) ; fractions are 
combined as indicated by arrow. 
sequently eluted with a linear salt gradient made from 0.02 M phosphate buf-
fer pH 6.0 (600 ml) and 0.1 M phosphate buffer pH 6.0 (600 ml). 
The elution profile usually shows a single peak and contaminating proteins 
remain adsorbed to the gel. Sometimes, however, a small protein peak can be 
detected just before the enzyme appears. Fractions containing pectin lyase 
are combined, concentrated with a DEAE-Sephadex A-50 column as described 
above and stored at -10 °C. 
Further treatment of pectin lyase type II 
Second DEAE-Sephadex A-50 column: Fractions containing pectin lyase type 
II are combined as indicated in Fig. 3.1 and, after appropriate dilution, ad-
sorbed on a DEAE-Sephadex A-50 column (16 cm x 2.5 cm diameter), equilibra-
ted with 0.02 M phosphate buffer pH 6.0 plus 0.2 M NaCl. Application of a 
pH gradient made from 600 ml of 0.02 M acetate buffer pH 5.0 and 600 ml 
of 0.02 M acetate buffer pH 3.5 (both containing 0.2 M NaCl) results in a good 
purification (see Fig. 3.2). The exact form of the pH gradient has not been deter-
mined; elution of the enzyme occurs at about pH 3.9-4.0. 
This very good purification step for pectin lyase type II, gives no purification 
with pectin lyase type I. 
The further purification steps are very similar to the methods used for pectin 
lyase type I. The enzyme is concentrated, treated on Sephadex G-25, adsorbed 
to and eluted from Ca-phosphate gel and finally concentrated again on DEAE-
Sephadex A-50. The procedure for this enzyme differs in only one respect from 
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SCHEME 1 
Purification scheme of pectin lyase type I and II. 
Extraction pH 6.0 in bidest 
centrifugation (1 hr at 18,000 r.p.m.) 
Buffer change on a Sephadex G-25 column 
pectin lyase type I 
First DEAE-Sephadex A-50 column 
elution with salt gradient (0.2-0.7 M) 
pectin lyase type II 
Second DEAE-Sephadex A-50 
column 
elution with salt gradient 
(NaCl 0.3-0.7 M) 
Buffer change on Sephadex G-25 
column 
Second DEAE-Sephadex A-50 
column 
elution with pH gradient 
(acetate buffer pH 5.0-3.5) 
Buffer change on Sephadex G-25 
column 
Ca-phosphate gel/cellulose column Ca-phosphate gel/cellulose column 
Concentration on DEAE-Sephadex Concentration on DEAE-Sephadex 
\ / 
Storage below zero 
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FIG. 3.3. Electrophoretic patterns of completely purified pectin lyase type I (a) and II (b). 
Direction of migration from cathode (above) to anode (below). 
that described earlier; the second buffer which is used to prepare the salt gra-
dient for elution of the enzyme from the Ca-phosphate column, is 0.15 M phos-
phate in the case of pectin lyase type II. 
The purification, a flow sheet of which is given in Scheme I, is followed 
by disc gel electrophoresis and kinetic measurements. Pictures of the elec-
trophoresis patterns of completely purified pectin lyase type I and II are shown 
in Fig. 3.3, whereas the results of the different purification steps are given in 
Table 3.1. 
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3.3. CHARACTERIZATION 
3.3.1. Kinetics 
3.3.1.1. Michaelis-Menten parameters 
Lineweaver-Burk plots of pectin lyase type I and II are given in Fig. 3.4. 
Activities are expressed in units/mg as described in the methods. The curves 
are linear over the substrate concentration range tested (1.5-20 mM glycosidic 
bonds which connect two esterified galacturonic residues). The V values can be 
converted into turnovernumbers as described in the methods. The results are 
summarized in Table 3.2. 
Assuming the most simple reaction scheme, 
P,o. 3.4.
 L i n e w „ v « , B - P , . . * * - . * - ^ g S f i S Z T S S 
in Mcllvaine buffer pH 6.0 (fi = 0.5) at 25 C, enzyme concern« 
0.67 jxM respectively 
TABLE 3.2. Michaelis-Menten parameters0 
Enzyme Km-value
(b)







Pectin lyase type I 
Pectin lyase type II 
Mixture of type I and II 
a) Parameters are determined in Mcllvaine buffer pH 6.0 ix =-0S. ^
 a d d u n i t s 
b) molar with respect to glycosidic bonds wh.ch connect two estermea ga 
c) moles of product formed per mole of enzyme per minute. 
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one expects that the initial velocity of the enzymatic reaction of the mixture of 
type I and II obeys the following equation: 
v = [ E ° ] " k3 + EE"] • k" (3.1) 
1 + ^» 1 + 5» 
[S] [S] 
From the purification results (Table 3.1), the activity ratio between type 
I and II, at a defined substrate concentration, appears to be 2:1. Substitution 
of this ratio and the parameters calculated for the enzymes separately (Table 
3.2) and of the substrate concentration in equation 3, leads to a ratio of about 
5:1 on mass basis between pectin lyase type I and II in the original enzyme 
preparation. 
The Lineweaver-Burk plots obtained with the mixture of both enzymes, 
were also linear over the substrate concentration range used. They become non-
linear at high and low substrate concentrations. These non-linear plots are in 
accordance with the theory. 
The pectin lyase activity found in the eluate of the first DEAE-Sephadex 
A-50 column, before applying the salt gradient, has also been characterized 
with respect to the Km-value. This value is about 0.11 M. Because this fraction 
was not purified further the turnovernumber of this species is unknown. It 
seems likely, however, on the basis of these data that at least one more different 
enzyme with pectin lyase activity is produced by A. niger. 
3.3.1.2. Influence of cations and/or ionic strength 
As already mentioned the catalytic activity of pectin lyase, and also its pH 
optimum and profile, is influenced by the concentration and the nature of the 
substrate, ionic strength and the concentration and nature of cations. A prelim-
inary study was therefore carried out to determine the origin of these effects, 
and to establish conditions for kinetic analysis. 
In preliminary experiments with the mixture of pectin lyase type I and II the 
optimal concentration of both Na+- and Ca2+-ions was determined at different 
substrate concentrations and pH values. The measurements were performed 
in Pipes buffers (5 mM); in this way the ionic strength of the buffer, although 
not constant, does not contribute much to the final ionic strength and also 
complexing of Ca2+-ions with buffer ions is avoided. The optimal cation 
concentration appears to be substrate concentration independent, but not pH 
independent; above pH 4.5 optimal concentrations of 50 mM and 300 mM 
were determined, whereas below this pH 30 mM and 100 mM were optimal 
for CaCl2 and NaCl respectively. 
The pH profiles of Michaelis-Menten parameters with and without optimal 
concentrations of Ca2+- and Na+-ions (Fig. 3.5) added to the assay buffer 
(5 mM Pipes) reveal some typical features. 
Firstly, the effects of Ca2+ and Na+ are identical. Secondly, the V vs pH 
profile looks like a saturation curve, in contrast with the pH profile at definite 
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FIG. 3.5. V (a) and Km(b) pH 
profiles of pectin lyase (mixture 
of type I and II) measured in 
0.01 M Pipes buffer (o) and in 
the same buffer with optimal 
amounts of Na+ (A) or Ca2 + 
( •) ions. 
substrate concentration. Thirdly, the height of the plateau region of the first 
mentioned profile is independent of the ionic strength or nature of the cation; 
changes in these conditions only influence the pH at which this level is reached. 
In the fourth place, the pH profile of the Km value is strongly influenced by the 
addition of cations or by the ionic strength; increase in the ionic strength favors 
the affinity. Calculations from the Michaelis-Menten parameters of the initial 
velocity at 0.1 mM substrate under the three conditions mentioned yields pH 
profiles as given in Fig. 3.6, clearly demonstrating the pH optimum shift 
upon changing y. and therefore Km. These features allow the conclusion that 
the pH profile is not useful as a tool of characterization; differences in buffer 
composition, concentration and in added cations strongly effect this 'characteris-
tic', whereas this effect originates from differences in the ionic strength. A 
more detailed analysis of the pH dependency of the kinetics is given in the next 
chapter. 
3.3.1.3. Inhibitors 
A great disadvantage in the search for inhibitors of pectin lyase is the re-
striction that the substances may not have a strong absorption band in the 
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FIG. 3.6. pH-activity profiles of pectin lyase (mixture of type I and II) at 10~4M pectin in 
0.01 M Pipes buffer (X) and in the same buffer with optimal amounts of Na+ ( A) or Ca2 + (O) 
ions. 
wavelength range used for activity measurements to prevent spectrophoto-
metrical artefacts (CAVALIERI and SABLE, 1974). Substances with some structural 
resemblance to the substrate like thio- and phenylgalactoside, monomethyl-
galacturonic acid, D (+) galacturonic acid, saturated and unsaturated trigalac-
turonic acid, pectic acid, cyclohexanecarboxylic acid and cyclohexene carboxy-
lic acid did not inhibit the reaction, even in a ten fold excess with respect to 
substrate concentration. Aliphatic carboxylic acids however, inhibit the reaction 
in an apparent competitive nature (Fig. 3.7). The chain length dependence of 
1/[S] x 10-MM-') 
FIG. 3.7. Lineweaver-Burk plots of pectin lyase (mixture of type I and II) in Mcllvaine buffer 
pH 6.0 (|i = 0.5) ( •) and the same plots in the presence of 80 mM formate (O), 80 mM 
isobutyrate ( A), 80 mM n-butryrate ( D) and 40 mM propionate or 60 mM acetate (X). 
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TABLE 3.3. Revalues of different aliphatic carboxylic acids measured in Mcllvaine buffers 
(fj. = 0.5), calculated from L.B. plots and Dixon plots, assuming a competitive inhibition. The 
enzyme was a mixture of pectin lyase type I and II. The last column gives the Ka-values of the 





































the K rvalues of these substances (Table 3.3) bears a similarity to the alteration 
of the Ka-values of the different carboxylic acids (ROBERTS and CASERIO, 1965); 
only the position of n-butyric and iso-butyric acid is changed. The pH depen-
dence of the Kj-value (Table 3.3.) of acetate, together with the above mentioned 
chain length dependence, suggests the protonated acid to be the inhibitory 
species. The Kj-value of acetate for both types of pectin lyase separately, ap-
pears to be the same, which can be explained by using a sub-site model (see 
chapter 6). Another feature which can be explained by such a model are the 
significantly larger figures of the Krvalues obtained from Dixon plots in com-
parison with the data from L.B.-plots and the difference in the same values 
obtained if using L.B.-plots at different inhibitor concentrations. These features 
suggest a hyperbolic competitive inhibition in which the inhibitor binds at a 
site not completely identical to the substrate binding site (MAHLER and CORDES, 
1967 and WORCEL et al., 1965). 
3.3.1.4. Inf luence of the degree of es te r i f ica t ion 
We have only compared the L.B.-plots obtained upon using 95 % esterified 
pectin, brown ribbon pectin (76% esterified) and green ribbon pectin (67% 
esterified) (Fig. 3.8). The maximal velocities on these substrates are identical; 
only the Km-values change (see also VORAGEN 1972). These results can be due 
to an incorrect substrate concentration expression. By assuming an active site 
(binding region) of 2, 3, 4 or 5 sub-sites in which only esterified groups can be 
bound, the 'real' substrate concentration can be calculated according to equa-
tion 3.2. 
[S] = [S]mono x a" (3.2) 
in which :[S]mono molar substrate concentration with respect to the monomer, 
a fraction of groups esterified 
n number of sub-sites. 
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1/[S] X 10 
Fio. 3.8. Lineweaver-Burk plots of pectin lyase (mixture of type I and II) on pectin with a 
degree of esterification of 94 ( D), 75 ( A) and 68 ( •) % respectively. Curve a, b and c are 
obtained by recalculation of the substrate concentration on the basis of two three and four 
adjacent esterified galacturonic acid residues in 68 % esterified pectin respectively. 
The results obtained by these hypothetical examples are given in Fig. 3.8; 
this shows the possibility to obtain the same Km-values if using the right sub-
strate concentration expression. More detailed information about this proce-
dure is given in Chapter 6. At this place it has to be emphasized that the differences 
in pH profile mentioned in the literature can also be due to differences in de-
gree of esterification of the substrate, which leads to differences in Km-values. 
These last parameters influence the pH optimum at finite substrate concentra-
tion, as shown in 3.3.1.2. 
3.3.2. Stability 
3.3.2.1. Influence of the ionic strength 
The influence of the ionic strength on the stability of pectin lyase was investi-
gated at pH 6.0. Therefore the specific activities were measured after dialysis of 
both types of pectin lyase (1 mg/ml) against buffer containing different amounts 
of NaCl (Table 3.4). A high ionic strength or high salt concentrations appear to 
be essential for enzyme stability; the salt concentration at which stability is 
achieved is significantly higher for type II than type I. The process is reversible 
as can be concluded from the restoration of the activity of type II upon dialysis 
against buffer containing 600 mM NaCl. The drop in activity after dialysis 
versus buffers with low ionic strength cannot be restored by addition of known 
stabilizing reagents like ß-mercaptoethanol (3 mole/mole enzyme), sucrose 
(10%), glycerol (10%), DMF (10%), DMSO (10%), EDTA (0.2 mM), BSA 
(1.5%)andCaCl2(7.5mM). 
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TABLE 3.4. Relative specific activities of both types of pectin lyase after dialysis during 60 hrs at 
4°C. in a concentration of 1 mg/ml against 0.02 M phosphate buffer pH 6.0 to which the 
amounts of NaCl given were added. Both types of enzyme have been stored, before dialysis, at 
-10°C. in 0.02 M phosphate buffer pH 6.0 plus 0.2 M NaCl. 

















 The specific activity in this buffer is arbitrarily taken as 100; the activities before dialysis were 
104 and 87 for type I and II respectively. 
3.3.2.2. Influence of the pH 
The influence of the pH on the stability of pectin lyase was investigated 
by measuring the specific activities after an extensive dialysis against Mcllvaine 
buffers (|i = 0.5) of different pH values. Dialysis versus 0.02 M phosphate buf-
fer containing 0.2 M NaCl served as a control experiment. In the pH range stud-
ied (4-6) no pH effect was found (Fig. 3.9). However, again the already men-
tioned ionic strength effect is found. Pectin lyase type II becomes strongly 
reactivated in the Mcllvaine buffers, whereas type I remains nearly constant 
with respect to the control. So, this demonstrates again the reversibility of the 
inactivation and the different response to ionic strength of both types of enzyme. 
3.3.2.3. Kinetics of the inactivation at high pH 
The inactivation above pH 6.0 has been studied into more detail by kinetic 
measurements. Therefore pectin lyase type I was desalted by gel filtration on a 
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FIG. 3.9. Stability of pectin lyase type I ( ) and II ( ) upon incubation at 4°C and 
at different pH values. The enzyme, stored at - 10 °C in 0.02 M phosphate buffer pH 6.0 plus 
0.2 M NaCl, is dialyzed in a concentration of 1.3 mg/ml before incubation against the fol-
lowing buffers: storage buffer (A) and Mcllvaine buffers ((A = 0.5) of pH 6.0 ( • ) , 5.4 (O), 
5.0 ( A) and 4.4 ( D). Activity expressed as specific activity (see methods). 
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FIG. 3.10. Inactivation of pectin 
lyase type I (1 mg/ml) in Tris buffer 
pH 7.46 and y. = 0 . 1 . The drawn 
curve is the theoretical curve accor-
ding to eq. 3.4. In the inset the data 
are depicted as a first order plot. 
Activity measurements performed in 
Mcllvaine buffer (|x = 0.5) pH 7.45. 
20 30 40 
time (min) 
of a certain pH and ionic strength, the inactivation was followed by measuring 
the activity at different time intervals. Enzyme dissolved in 0.02 M phosphate 
buffer pH 6.0 plus 0.2 M NaCl was taken as control. Two types of buffer were 
used, viz. Tris and phosphate buffer. The ionic strength of the Tris buffer was 
calculated using a pK value of 8.1 while for the phosphate buffers the nomo-
gram of BOYD (1965) was used. The activity measurements were carried out as 
described in the methods, but a pH of 7.4 instead of 6.0 was chosen in order to 
obtain linear progression curves, by minimizing the upward deviation due to 
reactivation. 
A plot of the percent residual activity versus time of inactivation at pH 7.46 
in Tris buffer (ji.=0.1) (Fig. 3.10) shows the deviation from a first order process. 
Also a second order proces cannot describe this inactivation curve. If we use a 
first order equilibrium process (eq. 3.3), 
ki 
•'act < M n a c t (3.3) 
k_, 
the inactivation can be fitted. For this kind of process equation 3.4 can be 
derived. 
Vt = 
V „ - V x ( l - e M ) 
kt.t 
(3.4) 
In this expression V, equals the activity at time t, while V0 and Vx represent 
the activity at t„ and the equilibrium value respectively. The term kt denotes 
the sum of kj and k_t. By a fitting procedure the constants Vx and kt can be 
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TABLE 3.5. Inactivation parameters, obtained as described in the text, of pectin lyase type I 























































determined using formula 3.4. The contribution of kx and k_ t to kt can be 
determined by using equation 3.5. 
Jcj_
 = [^WU = iAJ^oM^U = V ° ~ V * (3.5) 
k_! [E a c t ] e q [Eaotleq V* 
In Fig 3.10 also an example is given of the theoretical curve (eq. 3.4) of the 
inactivation process. Table 3.5 gives the parameters obtained, using this model, 
for the inactivation at different pH but at the same ionic strength. 
Some conclusions can be drawn. First of all, the inactivation in Tns buffer 
( .=0.1) seems to proceed already below the pH range tested. T h e ^ w buffering 
capacity in this interesting region did not enable us to extend the pH range. 
A second feature is the increase in Rva lue with pH, whereas the k , 
more pH independent. Plotting of k, versus
 P H results in a picture (Fig. 3.11) 




in which k' reoresents the pH -independent k l5 while K denotes a (complex) 
the velocity conswn i y important group is some-
dence and maximal value, only tne piv vcuuC r Pvnerimental 
what shifted (8.65), however this can be considered T ^ À S Ï Ï f c 
error The k \ value in phosphate buffer is somewhat higher. A logarithmic 
pïot of the equilibrium constant versus pH (Fig. 3.11) yields also a
 P K value of 
a bThe ^ ammeters are independent of the enzyme concentration (0 .1 -30mg/ 
Ä S . 4 C ionic strength (Table 3.6). The increased stability of 
mi;, out aepena on strength appears to originate 
C ™ ? ™ e o f t ' S c a » L a c L i c *ang= Ü. .he ratio k,/k_, 
T f a c , w ^ e l i o n e c r u c i a U s s u m p U o n v i , «hecompl«e,nac„v„y of,he 
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FIG. 3.11. pH dependence of the 
inactivation velocity constant ( k j ; 
through the data points the theore-
tical curve according to eq. 3.6 is 
drawn with k'j = 0.8 min - 1 and a 
pK of 8.55. The inset represents a 
logaritimic plot of Keq versus pH. 
TABLE 3.6. Inactivation parameters, obtained as described in the text, of pectin lyase type I 
dissolved in a Tris buffer pH 9.0 at different ionic strengths. 

























high pH form of the enzyme. This is only based upon the observation that the 
Km-values at t=0 and in the equilibrium phase are identical. The similarity be-
tween theoretical and experimental curve does not exclude the existence of 
more intermediates in the inactivation process. Knowledge of the reactivation 
constant could solve this question, however this parameter is difficult to deter-
mine because the great influence of the ionic strength and the nature of the 
buffer on this process. 
3.3.3. Physico-chemical characterization 
3.3.3.1. Disc gel electrophoresis 
The behavior of the two types of pectin lyase is different upon electrophoresis. 
Type I gives a single but diffuse band upon electrophoresis, whereas the most 
purified preparation of type II gives two protein bands (Fig. 3.3). To determine 
whether both protein bands are pectin lyase, gel slices were cut out at those 
positions where protein bands were localized. The proteins were extracted by 
homogenizing the slices in buffer with a Potter-Elvehjm. Two different buffer 
systems were used; the normal buffer in which the enzyme is stored, 0.02 M 
phosphate buffer pH 6.0 plus 0.2 M NaCl, and the buffer used in the acrylamide 
gel, 0.03 M Tris/HCl pH 8.9. The extracts were filtered and L-B plots were de-
termined in the usual assay buffer at pH 6.0. Both protein bands have pectin 
lyase activity (Table 3.7). 
The extraction buffer affects the activities of pectin lyase type I and II but 
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TABLE 3.7. Km-values of pectin lyase after electrophoresis ; extraction of the gels was performed 
in different buffers. 
Km-value (mM) pH of homogenizing buffer 
pectin lyase type I 
pectin lyase type II 
slow moving band 
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Fio. 3.12. Densitograms of pectin lyase 
type II extracted from the fast moving 
band in 0.02 M phosphate buffer pH 6.0 
containing 0.2 M NaCl ( ) and in 




has no effect on their Km-values. Moreover the fast and slow migrating bands 
of pectin lyase type II have the same Km-value. 
L y m e from the two bands was analyzed again by disc gel electrophoresis 
(Fig 3 12). The redistribution of the enzyme over two protein bands suggest a 
reversible conformational change accompanied by a change m surface charge. 
3 3 3 2 Iso-electrofocusing , . , , . 
The soeLtric points for pectin lyase type I and II were determmed by iso-
electrofocusing. Fig. 3.13 shows plots of
 PH and activity W » « ^ 1 1 ^ J ^ ; 
The pH gradient was not linear over the whole range, an observation that also 
^ T ^ ^ ^ o f l S S C t W C I and II were 3.65 and 3.75 respectively. 
T h r a l l t ^ l P r a n g e i t h e * values of many extracellular enzymes from 
fungi of which some are compiled in table 3.8. -uifme 
The small amount of activity, upon focusing of pectin l y a s e ' ^ l ^ f 
before the main peak at the same place of type I can be f ^ ^ * ^ 
protein band wiA the same mobility as type^  I upon * c t t ^ ° ™ J T type 
(see 3.3.3.1.). So, the inactive form of type II has the same amount of surface 
charge as type I. 














*.'• • " 
: • 
6 \ 




















Elution profile after electrofocusing of pectin lyase type I (O O) and II 
»)• The pH of the different samples is also inserted (-.-.-.). Fractions of 1 ml are 
TABLE 3.8. pi values of some extracellular enzymes from fungi. 






3.6 Aspergillus niger 
3.8 Aspergillus niger 
3.8, 3.9 Trichoderma koningii 
3.5 Aspergillus niger 
3.9 Trichoderma viride 
KAJI & TAGAWA, 1970 
KOLLER, 1966 
WOOD & MCGRAE, 1972 
AMADO, 1970 
BERGHEM & PETTERSON, 1973 
3.3.3.3. SDS Polyacrylamide gel electrophoresis 
Initially the experiment was performed with 10% acrylamide gel. The mole-
cular weight found in this manner (about 46000) is high by comparison with 
the results of the other techniques. In order to investigate whether the glyco-
protein character of the enzyme is responsible for this result (BRETSCHER, 1971 
and SEGREST et al., 1971), the gel percentage was increased from 7.5% to 15%; 
no decrease in molecular weight was observed. In Table 3.9 the determined 
values are tabulated. 
TABLE 3.9. Molecular weights of both types of pectin lyase, determined by different methods. 
























36 Meded. Landbouwhogeschool Wageningen 75-13 (1975) 
3.3.3.4. Gel filtration 
Gel filtration data on Sephadex G-200, using the Ackers' approximation, 
yield r-values between 198 and 212 Â. The calculated Stokes radii, frictional 
coefficients, diffusion coefficients and molecular weights are compiled in Table 
3.10. Molecular weights found by using the method of Andrews are included 
in Table 3.9. The gel filtration method in 6 M GuHCl, in which no assumption 
has been made about the conformation of the (marker) proteins, yields slightly 
lower values (Table 3.9). 
TABLE 3.10. Stokes radii of pectin lyase and characteristics derived from these values according 
the formulas given in the methods. 
pectin lyase a f/fo Dapp Mol.wt.2 
(Â) cm'.sec"1 
type I 24.4 1.10 8.3 xlO"7 35400 
type II 22.8 1.06 7.8 x l O ' 7 33100 
typel + II 23.2 1.08 7.9xl0"7 33700 
1 For the determination of f/f0 v is taken as 0.75. 
2 For s the value of 3.2S is taken (see 3.3.3.5.). 
3.3.3.5. Ultracentrifugation 
Diffusion and sedimentation coefficients were only determined with the 
mixture of pectin lyase type I and II. The material was thoroughly dialyzed 
against 0.05 M phosphate buffer pH 7.0, and was homogeneous as judged by 
gel electrophoresis at pH 9.5. This apparent homogeneity can be due to the pH 
of the electrophoresis buffer, but also to the pH of the dialysis buffer, because 
the protein band (see section electrophoresis) upon incubation at high pH 
(of type II) has the same mobility as pectin lyase type I. From the diffusion and 
sedimentation patterns a sedimentation coefficient of 3.2. S and a diffusion 
coefficient of 8.4 x 10 -7 cm2sec-1 can be calculated, leading to a molecular 
weight of 37100 daltons at 20 °C. 
The determination of the molecular weight by sedimentation equilibrium was 
performed with pectin lyase type I and II separately, after dialysis against 0.02 
M phosphate buffer pH 6.0 containing 0.1 M NaCl. Molecular weights of 
38400 and 37350 were found for type I and II respectively. 
However, in giving this physical data, we have to remember that the sedimenta-
tion coefficient determined was not corrected for pressure and dilution effects, 
which results in a too low estimate (ca 10%). Including this for the calculation 
of the molecular weights gives better results. Another difficulty is the use of 
0.75 for partial specific volume.1 
1
 Calculation of this parameter from the lastly determined amino acid composition according 
to SCHACHMAN (1957) yields a value of 0.715, resulting in molecular weights of about 35000 
daltons. These values are in good agreement with the molecular weights determined by gel-
filtration in 6 M GuHCl. 
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MILLER & MCMILLAN, 
1971 
REXOVÂ-BENKOVÂ, 1968 
PREISS & ASHWELL, 1963 
ISHII & YOKOTSUKA, 1972 





The order of magnitude of the molecular weights of these enzymes is in the 
range of many other pectolytic enzymes of fungal origin, as can be seen from 
some examples given in Table 3.11. 
3.3.3.6. ORD/CD measurements 
In Fig. 3.14 ORD and CD spectra of pectin lyase type I in 0.02 M phosphate 
buffer pH 6.0 plus 0.2 M NaCl are shown. A change in pH to 7.5 does not 
change the spectra. Pectin lyase type II exhibits an identical behavior in this 
respect. The obtained values for the a-helix content, calculated from the mean 
residual specific rotation at 232 nm and the mean residual ellipticity at 222 nm 
are 1.5% and 4.8% respectively. These estimates are not very accurate. The 
ORD spectrum at 232 nm contains a too large contribution of ß-structure due 
to the low helical content, whereas the curve below 210 nm is too bad for inter-
pretation. The CD curve lacks a typical «-helix pattern (two negative bands at 
250 300 350 400 
wavelength (nm) 
»'" v '"" ' wavelength (nm) 
FIG. 3.14. A. ORD spectrum of pectin lyase type I (0.084 mg/ml). B. CD spectrum of 
pectin lyase type I (0.104 mg/ml). The enzyme was dissolved in both cases in 0.02 M phosphate 
buffer pH 6.0 containing 0.2 M NaCl. 
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280 and 208 nm respectively) and is also not interprétable below 205 nm. How-
ever, it can be suggested that a rather large amount of ß-structure is present. 
3.3.3.7. Fluorescence 
The fluorescence spectra of both types of pectin lyase have been measured on a 
cross correlation phase and modulation fluorometer and are shown in Fig. 
3.15. A particular feature of these spectra is the separation of the tyrosine and 
tryptophan contribution to the fluorescence in both enzymes as can be seen 
from the alteration in emission spectra upon changing the excitation wave-
length from 280 to 290 nm. The quantum yield is different for both enzymes. 
"For pectin lyase type II the spectra are also shown at pH 8 ; the inactivation and 
conformational change of the enzyme at pH values above 6 appears to be ac-
companied by a diminished contribution of tyrosine to the fluorescence. 
300 320 340 
wavelength (nm) 
FIG. 3.15. Emission spectra of pectin lyase type I and II recorded by a phase fluorometer 
under different conditions. Enzymes are dissolved in 0.02 M phosphate buffer plus 0.2 M 
NaCl in a concentration of 0.08 mg/ml. 
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3.3.4. The carbohydrate content of pectin lyase 
3.3.4.1. I n t r o d u c t i o n 
Since the discovery that enzymes or other proteins sometimes contain cova-
lently bound carbohydrates, the composition of the carbohydrate moiety and 
the nature of the bond between carbohydrate and peptide chain has been stud-
ied. Covalently bound carbohydrates are present in transport proteins of 
plasma, enzymes, gonadotrophins, immunoglobulins, phytohemagglutinins, 
collagen and cellular membranes. (SPIRO, 1970). 
Sugars in glycoproteins are: D-mannose, D-galactose, L-fucose, D-xylose, 
L-arabinose, N-acetyl D-glucosamine, N-acetyl D-galactosamine and various 
sialic acids. The types of linkages between sugar and peptide can be divided 
into three classes (SPIRO, 1970): a) the glycosylamine bond between N-acetyl 
glucosamine and the amide group of aspartic acid, b) the alkali labile O-gly-
cosidic bond to serine or threonine residues which involve N-acetyl D-galac-
tosamine, D-galactose, D-xylose or D-mannose as the sugar component and 
c) the alkali stable O-glycosidic bond of D-galactose to hydroxylysine. 
As for the function of the carbohydrate moiety of glycoproteins, no unique 
answer can be given (SPIRO, 1972a; MARSHALL, 1972). Proposals have been made 
like the sugar moiety of glycoproteins is required for the excretion (EYLAR, 
1965), it contributes in maintaining the specific tertiary structure of a protein 
(MARSHALL and NEUBERGER, 1968) or they have a function in plant cell wall 
extension growth (KAUSS and GLASER, 1974). 
Lectins are proteins which are able to bind glycoproteins and sugars. Some 
lectins are able to discriminate between normal and malignant cells; with the 
latter they agglutinate. It has been shown for instance for wheat germ agglutinin 
(AUB et al., 1963 and BURGER, 1969), for concanavalin A (INBAR and SACHS, 
1969) and soybean agglutinin (SELA et al., 1970) that these proteins bind spe-
cifically sugars, polysacharides and glycoproteins forming an agglutinate; some 
of them are mitogenic in addition. Concanavalin A from Canavalia ensi-
formis is a well-studied lectin. It was first isolated by SUMNER (1919) who also 
identified it as a phytohemagglutinin (1935). Its specificity towards D-mannose, 
D-glucose and polymers which contain related structures, has been studied by 
GOLDSTEIN and coworkers (1965) and SMITH and GOLDSTEIN (1967). The im-
portance of Ca2 + and Mn2 + ions for sugar binding has been described by 
KARLSTAM (1973). The protein is a tetramer of which the association of the 
monomers (mol.wt. 17,500) depends on the pH (OLSON and LIENER, 1967). 
One carbohydrate binding site has been postulated per monomer by BESSLER 
et al. (1974); carboxylic groups are important for the binding of the sugar to the 
protein (HASSING et al., 1971). The three-dimensional structure has been pub-
lished by HARDMAN and AINSWORTH (1972) at 2.4 °A resolution. 
The strong specific interactions between lectins and carbohydrates have led 
to applications in affinity chromatography to purify either the lectin (OPPEN-
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HEIM et al., 1974; K A W A G U C H I et al., 1974 and HAYES and GOLDSTEIN, 1974) or 
its counterpart (KRISTIANSEN, 1974 and ALLEN et al., 1972). ASPBERG and Po-
RATH (1970) applied immobilized concanavalin A to obtain group specific 
adsorption of glycoproteins. 
Because of the extracellular character of pectin lyase it was investigated 
whether this enzyme also belongs to the class of glycoproteins. The results are 
reported in this section. 
3.3.4.2. R e s u l t s a n d d i s c u s s i o n 
Staining with periodic acid-Schiff reagent ( M C G U C K I N and M C K E N Z I E , 
1958) or with Alcian blue ( W A R D I and MICHOS, 1972) of Polyacrylamide gels is 
positive and confirms the glycoprotein character of pectin lyase. The amount 
of carbohydrate bound to pectin lyase as obtained by the H 2 S0 4 /phenol proce-
dure (DUBOIS et al., 1956) was 4 and 6 sugar residues/mole pectin lyase type 
I and II respectively, using glucose as reference compound. Based on weight the 
sugar content is about 2 .5%. ,, . „ , .. 
Pectin lyase shows affinity for the lectin concanavalin A. The elution 
behaviour of both types of enzyme upon affinity chromatography on 
immobilized Con A appears to be very different. (Fig. 3.16). Wrth both types 
of enzyme a small activity peak elutes during the washing with equilibration 
buffer; this can be due to the elution of enzyme in which the sugar chains are 
not yet completed (ROSEMAN, 1970). Upon elution with an oc-methylglucoside 
gradient type I shows a single elution peak based on activity while, as judged 
from the protein content, a small peak eluted just before the activi t ) . peak 
probably a carbohydrate-containing impurity. Enzyme type II elutes as a 
double peak as can be derived from the activity as wel as from the protein 
elution profiles. A complete separation of both species of type II upon^affinrty 
chromatography could be obtained by increasing column s * e , J ™ ™ ™ * 
volumes of the components of the «-methylglucoside gradient and changmgof 
the gradient to the range from 0-0.05 M * - ^ W ^ . ^ { ™ » £ 
called A and B respectively. At different elution positions « ^ ^ ^ 
in Fig. 3 , 6 , samples are drawn.for — t i o n tf^^^S 
ETr^LZ^Sr-*" * the ^ « ^ 
affinity chromatography, whereas the electrophoretic pattern areals^unchang 
ed and identical to the patterns given for the pure « * £ « «™» n * J ^ 
This last result indicates that the separation of pectin lyase type Hmt ottjo 
species is not related to the two bands ^ ^ £ ^ Ä S Ä 
are due to a pH and ionic strength induced ^ t i o n a 
change; identical fluorescence spectra of the species A anu H 
type II confirms this statement
 A d B w a s 
The carbohydrate composition o f ^ ^ c it appeared to be impos-
determined as described in the methods with O.L.C.. u PP 
sible to remove completely the * f * f f î £ ^ ^ ^ TZ 
chromatography are contaminated with non cov«ue y 
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FIG. 3.16. Elution profile of pectin lyase type I (A) and II (B) upon affinity chromatography 
on a Con A-Sepharose-4B column (7 cm x 1.5 cm diameter). After loading with enzyme, the 
column is first eluted with 80 ml equilibration buffer (0.02 M phosphate buffer pH 6.0 con-
taining 0.2 M NaCl, 1 mM CaCl2) 1 mM MnCl2 and 1 mM MgCl2) followed by a linear 
gradient from 0-0.1 M a-D-methylglucoside in the equilibration buffer (80 ml each). Fraction 
size: 2 ml; absorbance at 280 nm (O O); pectin lyase activity ( ); a-D-methyl-
glucoside concentration ( ). The column is regenerated by washing with 0.02 M phos-
phate buffer pH 6.0 containing 1 M NaCl. 
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TABLE 3.12. Amino acid composition of pectin lyase type I and II as determined by de ABREU 
(1973) and of ß-glucosidase (RUDICK and ELBEIN, 1973). The carbohydrate composition of 
pectin lyase is determined as described in the text; all values are expressed as mole/mole using 































































































results obtained suggest that form B contains more mannose residues than 
form A while the latter contains more glucose residues (Table 3.12). This is in 
accordance with their elution position; the elution of pectin lyase type I at 
a slightly lower oc-methylglucoside concentration than type II A can not be 
explained by its sugar composition, but can be due to a different distribution of 
its sugar residues. The absence of N-acetyl glucosamine suggests that the sugar 
is connected to the peptides through an alkaline labile 0-glycosidic bond be-
tween a serine or threonine residue and mannose. 
The low number of mannose residues suggests only one carbohydrate chain 
per protein molecule. It must be mentioned that a tryptic digest of pectin lyase, 
which contains about 15 water soluble peptides (de ABREU, 1973), showed 
two different elution peaks on a Con A-Sepharose column upon washing with 
equilibration buffer, whereas two other peaks appeared upon elution with a 
linear a-D-methylglucoside gradient. This could indicate that more than one 
carbohydrate binding site is present on the enzyme. 
By adding different amounts of immobilized Con A to pectin lyase type I, 
the binding of this lectin to the enzyme was studied. After thorough mixing and 
subsequent centrifugation at 30,000 g, the activity was directly measured in the 
supernatant. The results (Fig. 3.17) show a rapid drop in activity upon increa-
sing the amount of Con A. By using equation 3.7 (KLOTZ, 1946) an estimate 







n([P.L]total - [P.L]bound) n 
(3.7) 
to a value of about 10 fxM. This means that the interaction is strong, while upon 
binding the enzyme is strongly inhibited or even inactive; the latter is not a 
general feature of glyco-enzymes which are bound to Con A or other lectins 
(WALLACE and LOVENBERG, 1974). 
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Con A (mg) 
pectin lyase (mg) 
FIG. 3.17. Activity of pectin lyase 
type I in the supernatant after mix-
ing a fixed amount of enzyme with 
different amounts of immobilized 
Con A at room temperature and 
subsequent centrifugation. The en-
zyme is dissolved in the equilibration 
buffer (see legend of Fig. 3.16). The 
Con A concentration is derived from 
the amount of Con A (8 mg) per ml 
gelbed. 
3.4. GENERAL DISCUSSION 
The purification of pectin lyase from a commercial enzyme preparation deriv-
ed from Aspergillus niger to a homogeneous enzyme with respect to physico-
chemical parameters, is carried out by using conventional techniques. 
The two types of pectin lyase which have been purified, represent about 95 % 
of the transeliminase activity in the starting material. Many other pectolytic 
enzymes exist in multiple forms eg. endopolygalacturonase from fungi (KOLLER, 
1966; KOLLER and NEUKOM, 1967 and ENDO, 1964), two exo-polygalacturona-
ses from A. niger (MILL, 1966), four pectate lyases from Bacillus polymyxa 
(NAGEL and WILSON, 1970), two polymethylgalacturonases from A. niger 
(REXOVA-BENKOVA, 1966, 1967) and two pectin lyases from Sclerotinia fructi-
gena (BYRDE and FIELDING, 1968) 
In the literature cited above the biological significance of these multiple 
forms of the same enzyme is not discussed. However, one may speculate about 
the origin or function of their occurrence. The first aspect requires a careful 
genetic analysis to determine whether one or two loci are involved. It is note-
worthy that the ratio of the two enzymes is constant in all of our preparations. 
As for the second aspect it is attractive to assume that the low affinity form is 
particularly important when substrate is abundantly present, whereas the se-
cond high affinity form plays a role at lower substrate concentrations, An indica-
tion in the same direction is given by the difference in number of sub-sites for 
both enzymes, viz. 9-10 and 8, for pectin lyase type I and II respectively 
(Chapter 6). This means that the ratio of the different types of enzymes might 
also change with culture age, which is reported for cellulase from Stereum 
sanguinolentum (BUCHT and ERIKSSON, 1968). 
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As already mentioned in the introduction of this section, the starting material 
contains several carbohydrate metabolizing enzymes which have approximately 
the same charge and the same molecular weight. In order to obtain a rough idea 
of where these enzymes appear in the effluent of the first DEAE-column, several 





pectin esterase galactosidase 
< > 
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pectin lyase I pectin lyase II 








This scheme illustrates the difficulties which may arise if one tries to isolate a 
single enzyme from this source in a conventional way. The advantages of af-
finity chromatography have already been discussed. However, at the moment, 
no suitable ligand for pectin lyase is known. The presence of pectin esterase in 
the extract of pectin lyase makes the use of cross-linked pectin very troubleso-
me, because this leads to saponification of the pectin, resulting in a reduced 
affinity for pectin lyase, and in addition a substrate for polygalacturonase and 
pectate lyase is produced. 
Group separation of carbohydrate cleaving enzymes by affinity chromato-
graphy on immobilized Con A seems possible. This is based on the observation 
that a pectic acid hydrolyzing enzyme has the same elution volume as pectin 
lyase and the reported carbohydrate composition of other extracellular enzy-
mes from Aspergillus; RUDICK and ELBEIN (1973, 1974) reported mannose and 
glucose as main components of the carbohydrate moiety of ß-glucosidase and 
a-glucosidase. 
Both types of pectin lyase have very similar physico-chemical characteristics. 
The molecular weights and iso-electric points are nearly identical; the fluores-
cence differs only in quantum yield. The amino acid composition determined by 
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de ABREU (1973) is given in Table 3.12 and appears to be nearly identical for both 
types of enzyme; the C-terminal amino acids are the same and the N-terminal 
amino acid is blocked in both cases. The great similarity in physico-chemical 
properties of extracellular enzymes of Aspergillus, like molecular weight, 
iso-electric point, sugar composition and even amino acid composition, as 
appears from the amino acid composition of ß-glucosidase included in Table 
3.12 (RUDICK and ELBEIN, 1973) might suggest some common building scheme 
for these enzymes. 
Aside from a possible role of the carbohydrate moiety of pectin lyase in the 
excretion process, no clear cut function for the sugar part of the enzyme has 
been found. ALBERSHEIM and ANDERSON (1971) suggested that agglutinins act 
in some way as a defence mechanism against infection by plant pathogenic 
fungi, based on the ability of a protein extract from Red Kidney bean hypocotyls 
to inhibit polygalacturonase from different sources, which is the first enzyme 
excreted upon infection of a plant with a pathogenic fungus (ENGLISH et al., 
1971). 
Our results with Con A and pectin lyase, an enzyme which is also known to 
operate during pathogenesis, point into the same direction. Therefore, the pre-
sence of carbohydrates in pectin lyase and also in other contaminating proteins 
as reported here and in enzymes like ß- and a-glucosidase as reported by R U -
DICK and ELBEIN (1973, 1974) might be a general pattern for carbohydrate de-
grading exo-enzymes. One may speculate that the interactions between the 
carbohydrate moiety of exo-enzymes and plant lectins form a general scheme 
for plant resistance against enzyme attack. 
A pronounced difference between the two types of enzyme is the occurrence 
of two protein bands upon electrophoresis of type II, in contrast with pectin 
lyase type I which gives only one band upon electrophoresis. The two bands 
both arise from pectin lyase type II; the slow moving band seems to represent 
an inactive form of the enzyme, whereas the fast migrating band represents the 
active form. Both forms are in equilibrium with each other, the position of 
which is determined by a combination of the pH and the ionic strength. By an 
increase of the pH above 6, or a decrease of the ionic strength below about 
0.5, the equilibrium shifts to the inactive form (slow moving band). However, 
it is a slow process because the protein bands are very well separated, but also 
because upon electrophoresis of the active form the fast moving band dominates, 
although the electrophoresis is performed at high pH and low ionic strength. 
Thus, the inactivation of pectin lyase type II at pH values above 6 is accompa-
nied by a charge redistribution probably due to a conformational change. 
The effect of 8 M urea on the electrophoresis only reveals a decrease in 
mobility, but the two protein bands did not disappear to form one band. Even 
after 24 hours of incubation of the enzyme in 8 M urea two protein bands occur 
upon electrophoresis. By assuming a rigid conformation which is not easily dis-
rupted, this can be explained. The ORD and CD spectra, which are indicative 
for a very low amount of a-helix and a rather large contribution of ß-structure 
confirms this assumption and makes other data plausible. 
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1. The high molecular weights which are found by SDS-electrophoresis, as 
compared with other methods to determine molecular weights, can be due 
to an incomplete denaturation of the enzyme. The same argument is used 
for the anomalous behavior of an amylase of Bacillus subtilis upon SDS-
electrophoresis by MITCHELL et al. (1973). PITT-RIVERS and IMPIOMBATO 
(1968) reported a decreased binding of SDS if disulphide bridges are not 
reduced, resulting in an overestimate of the molecular weight. 
2. The lack of results upon modification of sulphydryl groups or disulphide 
bridges with Ellman's reagent (see Chapter 5), although these groups are 
present in the enzymes as appears from the amino-acid composition. 
3. The too low values for the tyrosine and tryptophan content upon spectral 
determination at high pH according to FRAENKEL-CONRAT (1957). 
With respect to the kinetic characterization some remarks can be made. 
First of all, the isolated enzymes belong to the first class of pectin lyases 
(Chapter 1) with a low pH optimum. This class can be divided in sub-classes 
in which the enzymes mainly differ in Km-value. 
The influence of salts and ionic strength on the activity has to be considered 
as preliminary because the experiments have been carried out with the mixture 
of both types of pectin lyase. However, even these results can explain a lot of 
reported phenomena. The difference in pH optima, reported for different buf-
fers (VORAGEN, 1972), by addition of salts (EDSTROM and PHAFF, 1964 and ISHII 
and YOKOTSUKA, 1972) or by using substrates with a different degree of esteri-
fication (VORAGEN, 1972 and ISHII and YOKOTSUKA, 1972) originate from the 
influence of these parameters on the Km-value, resulting in a difference in degree 
of saturation of the enzyme with substrate. In addition, it is shown that the 
influence of salts stems from an influence of the ionic strength, certainly when 
completely esterified pectin was used as substrate. 
A secondary effect of Ca2 + when using not completely esterified pectin can-
not be ruled out, which can be concluded from the specific ion effect of Ca2 + 
and Sr2+ but not of Mg2 + on the pH profile (VORAGEN, 1972). 
The pH range in which pectin lyase is stable corresponds with the results of 
VORAGEN (1972) and AMADO (1970). However, the pronounced influence of the 
ionic strength on this stability has not been reported before. The inactivation 
appears to be a reversible first order process, which is regulated by a combination 
of pH and ionic strength. In the case of pectin lyase type II this inactivation 
is accompanied by a change in surface charge, whereas the process for both 
enzymes can be followed by fiuorometry. As can be seen from an emission 
spectrum (Fig. 3.15) at pH 8.0, the inactivation results in a diminished contri-
bution of one or more tyrosine residue to the fluorescence. 
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4. p H - D E P E N D E N T K I N E T I C S O F P E C T I N L Y A S E 
4.1. INTRODUCTION 
Enzymes are in general active within a limited pH-range. This behavior is 
determined by a pH effect on the catalysis, on the affinity of the substrate for 
the enzyme, on the conformational stability of the enzyme, or by a combination 
of these effects. However, these are not the only parameters which determine 
the pH-dependency of the enzymatic activity. Parameters like temperature, 
nature and concentration of the substrate, ionic strength of the medium and 
the presence of specific ions exert an influence on the experimental pH profile 
obtained. 
In the literature effects of the substrate concentration and the nature of the 
substrate on the pH-profile, have been reported for instance in the case of 
mucosa alkaline phosphatase (MORTON, 1955, 1957), while also the influence of 
variations of the concentration of the two substrates of a two-substrate enzyme 
glucose-oxidase have been analyzed (BRIGHT and APPLEBY, 1969). Precautions 
have to be taken in the experimental layout to ascertain that only one parameter 
is varied at a time. By measuring either the zero order or first order rate constant 
of the reaction the substrate influence is excluded. Most trustworthy is the use 
of V- or V/Km-values in this respect. Furthermore the stability of the enzyme 
over the pH range studied has to be determined separately, while care has to be 
taken that upon varying the pH, the ionic strength is not affected. 
DIXON and WEBB reported already in 1958, that there are only a few examples 
of this kind of approach and even until now, with only a few exceptions like 
for example those of trypsin and chymotrypsin, an analysis along these lines 
has received little attention. 
The direct origin of the pH-effects is a change in ionization of one or more of 
the components of the system. Since enzymes are poly-electrolytes, a whole 
series of species each with a different state of ionization can exist. The distribu-
tion of the enzyme over the various ionic forms depends on the pH and on the 
pK values of the amino acid residues which ionize. Because the catalytic activity 
is usually limited within a relatively small region of pH values (3 units) it seems 
likely that only a few or even one of these ionic forms is catalytically active 
(MICHAELIS and DAVIDSOHN, 1911). Ionization of groups far from the active site 
has presumably little or no effect on the activity. This implies that in pH studies 
only those groups will be found, that have a direct effect on catalysis and/or 
binding. Therefore the effects of the pH have been mainly discussed in terms 
of a few ionizing groups. 
For this kind of analysis mostly the pH functions of MICHAELIS (1922) are 
used, which are defined as follows : 
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f = 1 + K!/[H+] + K1K2/[H+]2 
f" = 1 + [H+]/K t + K2/[H+] 




They give the fractional population of the different ionic species as function of 
the hydrogen concentration and apply to compounds which undergo two suc-
cessive ionizations, with ionization constants Kx and K2; they are independent 
of the chemical nature of the ionizing groups. 
The starting point for the frequently used approximation of DIXON and WEBB 
(1958) is the most simple case of a two proton model (Scheme 4.1). 
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In this model the pH functions (4.1-4.3) can be used to^describe^coniza-
tions of both free enzyme and the enzyme-substrate complex. The interrelation 
ship between the three functions is given by equation 4.4. 
i + l 2 
E,, = [EH2] . f . [EH2] . r • KJEH-] - [EH J . f" • K ^ / C H ]< 
= [EH-] . f [H + ] /K 1 =[EH-]f- - C E H - ] f ^ ^ 1 
= [EH=] . f. [H+] 2/K,K2 = [EH=] . f" . [H+] /K2 = 
(4.4) 
= [ E H - ] . r . 
and the ionizations are rapid in comparison win 
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The logical consequence of this model is that changes in for instance catalytic 
activity upon varying the pH, are not due to a concomitant change in turnover-
number, but to an increased or decreased concentration of the active enzyme 
species. The activity, and other related parameters have to be analyzed as a 
function of the hydrogen ion concentration in order to obtain the pH-indepen-
dent parameters. One may say that the pH independent parameter times a 
reciprocal pH function leads to the experimentally observed data points. 
The pH functions mentioned are derived for a symmetrical dibasic acid, 
with no interaction between prototropic groups, which is a gross simplification, 
certainly if we are going to use it as a model for proteins. However, experimen-
tal pH data generally are too poor to justify a more sophisticated model like 
an asymmetrical dibasic acid (Dixon and Webb, 1958). 
Complications arise when more than one ionic form is active. For instance 
LAIDLER (1955) has taken into account the activity of other ionic forms (En + 1S 
and En _ 1S in scheme 4.1.) He derived the exact steady-state equation, which 
contained a complex perturbation term, which is responsible for deviations 
from linear L.B.-plots. This term contains higher order terms of the substrate 
concentration. Conditions were derived that this term disappears, for instan-
ce by the assumption already made by DIXON and WEBB (1958) that ioniza-
tions are rapid in comparison with other processes. OTTOLENGHI (1971) con-
cluded that the perturbation term can be simplified, in some cases, without 
disappearing, whereas the L.B.-plots still become linear. He also derived that in 
a system where V is independent of pH, but Km dependent on pH, this does not 
automatically mean that Km and Kd are identical. 
An interesting feature of the perturbation term is, that with this term sub-
strate activation and also other irregularities in a hyperbolic v vs [S] plot can 
be explained; an example is given by TOWBRIDGE et al. (1963). An extension to 
the case where two intermediates occur in the reaction scheme was made by 
various authors (KRUPKA and LAIDLER, 1960; ALBERTY and BLOOMFIELD, 1963; 
KAPLAN and LAIDLER, 1967; STEWART and LEE, 1967). Stewart and Lee composed 
18 theoretically possible pH profiles, and derived the concomitant equations 
including the effects of hydrogen ions. These equations were used by NESS et 
al. (1971) and STEWART et al. (1971) to explain the pH dependent kinetics of 
chymotrypsin and trypsin. 
The possibility remains to misinterpret the pH dependency of the Michaelis-
Menten parameters. For instance a change in the rate limiting step with pH 
can give rise to artefacts (FASTREZ and REQUENA, 1971). The shape of the pro-
files in those cases where the intermediate, formed in the first step, has to loose 
or gain a proton before it can react in a second subsequent step were describ-
ed by DIXON (1973). The profiles look like normal 'bell-shaped' curves. In the 
case of polymer cleaving enzymes, the pH-dependent competition between 
productive and non-productive binding, can lead to non-real pK values (FAS-
TREZ and FERSHT, 1973). 
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In spite of all these difficulties which may arise in the final interpretation of 
a particular system, the pH dependency of an enzyme reaction is helpful to 
elucidate the mechanism of action and also to indentify indirectly the amino 
acid residues which are involved in binding and catalysis. 
WHITAKER (1972) has reviewed different common methods for pH analysis 
and described their limitations, mainly consisting of the assumption of a two 
proton model with only one reactive species, knowledge of the particular pH 
function or the assumption of well separated pK values of important prototropic 
groups. 
Not only to explain differences in pH characteristics, but also to obtain more 
insight in the reaction mechanism and information about groups which are 
involved in binding and/or catalysis, a careful study about the pH dependence 
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FIG. 4.1.; pH profiles of pectin lyase type I at different substrate concentrât ions in Mcllvaine 
buffer (a = 0.25) at 25 °C. Substrate concentrations were 1.59 ( • ) , 2.38 (A), i.i»( •), I.JO 
(D), 11.9 (A) and 15.9 (O) mM respectively. Through the data points the theoret.cal curves 
are drawn according to eq. 4.20 and using the constants given m table 4.1. 
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The experiments were carried out (as mentioned) at two ionic strengths of 
the assay mixture, viz. 0.25 and 0.05 respectively. The choice of these values is 
based on the results of Chapter 3. Maximal activity was found at an ionic 
strength of about 0.25, while y,=0.05 is far below this value. 
First of all the results with pectin lyase type I will be discussed, followed by 
those of type II, both measured at u.=0.25. Finally the results of the measure-
ments at (A =0.05 will be discussed. 
Some representative results of the initial velocity measurements with pectin 
lyase I at different substrate concentrations, have been plotted against pH (Fig. 
4.1). A shift in pH optimum was observed to more basic values at higher sub-
strate concentrations. Initial velocities were measured at ten different substrate 
concentrations at each pH and the Michaelis-Menten parameters (V, Km and 
V/Km-values) were calculated as described in the methods. From these values 
pH profiles were constructed (Fig. 4.2, a-c). A logarithmic plot of these para-
meters (included in Fig. 4.3) was difficult to explain by the rules given by 
DIXON and WEBB (1958). The log V versus pH plot at fx=0.5, gives slopes 
with a whole number if it is split up (Fig. 4.3a); analysis of the whole curve 
gives a slope of about 0.5. This means that the simple two proton model 
(scheme 4.1) is not valid. 
Several reasons for this divergence from unit slope were given by THOMA et 
al. (1971) like electrostatic perturbation of the ionization constants, multiple 
FIG. 4.2. pH profiles of Km (a), V (b) and V/Km (c) of pectin lyase type I measured in Mc-
Ilvaine buffer (f* = 0.25) at 25 °C. Through the data points the theoretical curves are drawn 
according to eq. 4.12/eq. 4.19 (a), eq. 4.9 (b) and eq. 4.18 (c) using the values of the constants 
given in table 4.1. Error bars are only indicated if they exceeds the size of the symbol. 
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is not exceptional. For instance the pH profiles given oy 
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the deviation from the theory was given. 
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General mechanism of enzyme-catalyzed hydrolysis (Steward & Lee, 1967). E, EH, EH2 and 
E H S I ™ « , Protonated forms of the enzymic site while ES, EHS, EH3S and ES1, 
fcH5> , EH,S> and EH3S1 represent the ionic forms of the enzyme- substrate complex and an 
^ T T ! a i 6 ,", t e r m e d i a t e- "n» PH-independent rate constants contain a three-digit 
subscript. The first digit represents the stage of catalysis, the second digit the number of the 
lomzable protons on the groups concerned with the active site, while the third digit is reserved 
for the case of an .omzable substrate. The three digits of the acid-base equilibrium constants 
have the same meaning. 
The methods given by WHITAKER (1972) for the determination of the
 P K 
values of prototropic groups involved in catalysis and/or binding cannot be 
used, mainly due to the fact that the two proton model is invalid, and that the 
pK-values of the groups involved are not separated by more than three pH 
units. * 
STEWART and LEE (1967) have derived equations, departing from a model 
scheme 4.2) m which more than one species is able to catalyse the breakdown 
ol the substrates and/or bind the substrate. Their model is based on an enzyme 
mechanism m which the enzyme-substrate complex decomposes in two sequen-
tial stages. M 
k i k2 k 3 
E + s;; >ES K ES1 
k-x ^ P x 
E + P2 
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The concomitant Michaelis-Menten equations are given by eq. 4.6-4.8. 
V = kcat = k2k3/(k2 + k3) (4.6) 
K m = k 3 ( k _ 1 + k 2 ) / k 1 ( k 2 + k3) (4.7) 
V / K m = k 2 k 1 / ( k - 1 + k2) (4.8) 
Assuming that k 3 > k 2 means that the V measured is related to k2. 
Those theoretical profiles of STEWART and LEE (1967), which are similar to 
the V-pH profile in Fig. 4.2, were tested with the corresponding equations in a 
curve fitting procedure; with only one of these equations (4.9) a good fit could 
be obtained. 
_ k2 1 0 + k 2 2 0 . [H ] /Ka220 ^4 9) 
~ 1 + [ H + ] /Ka220 + [H*] 2/Ka220Ka230 
or 
V = -212. + k22Q • EH +J / K a 2 2 0 (4.10) 
f- r 
By introducing the dissociation constants from scheme 4.2 and the inter-
relationship between the different pH functions (eq. 4.4) the second part of 
equation (4.10) can be rewritten : 
k2 2 0 • [ H + ] /Ka220 = k ^ (4.11) 
r r 
In this manner equation (4.12) will be obtained. 
k210 + V = 
1 + [ H + ] /Ka220 + [ H + ] 2/Ka220Ka230 
,
 kz2
°. — (4.12) 
1 + [ H + ] /Ka230 + Ka220/[H ] 
or 
V = ^ 2 1 0 + ° 
(4.13) 
Q c 
The physical meaning of equation « can ^ ^ ^ £ Z ^ . 
showing the existence of two ionic forms of the enzyme 
which are both catalytically active. 
Meded. Landbouwhogeschool Wageningen 75-13 (1975) 
EH,S ^EH,S 2 J < - ^EHS ES 




- • P i 
EH,S' EHS1 
SCHEME 4.3. 
TABLE 4.1. pH independent parameters of both types of pectin lyase at different ionic strength, 
obtained by curve fitting (1) or by computer calculation (2) of V (sec- ') and V/Km (sec- ' M " ') 
using eq. 4.9 and 4.18. 
constant 
1^210 
k î 2 0 
P K a 2 2 0 
P K a 2 3 0 
*M 10 
k i 2 0 
P K , | 2 0 



































































The pK values and pH-independent turnover numbers from eq. 4.12 deter-
mined by curve fitting are tabulated in Table 4.1, while the theoretical curve, 
composed by using this formula and these parameters, is shown in Fig. 4.2a. 
Fig 4.4 gives the theoretical fractional distribution of the enzyme over the 
v h T t T C T V ' I f r C d 0 n ° f P H ' UsinS s o m e arbitrary chosen
 PK-
T^lriT T thC faCt t h a t t h e S U m m a t i o n o f t w o i°n£ forms gLs 
S s l n î ' * ""TT* °f t W 0 i o d c f o r m s w i t h d i f f e r e n t Parameters (for instance turnover numbers) is responsible for deviation from the Dixon rules. 
The pH dependency of the Km values is shown in Fig 4 2b while the oK is 
plotted versus pH in Fig. 4 3b Below nR S ih. v -V f P m 
equation. difficult to express m a straight forward 
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FIG. 4.4. Theoretical fractional population of the enzyme in the acid form (c), the basic 
form (b) and in both forms (a) at different pH values. In this example the pH functions of 
eq. 4,12 are used with pKa23o = 3.5 and pKa22o = 5.57. 
The Km-value is already given by eq. 4.7 and is reduced to : 
Km = (k_t + k2)/kt (4.14) 
upon assuming k3»k2 . By introducing pH functions for each of these rate 
constants eq. 4.14 becomes : 
K = K m f ^ (4.15) 
in which Km represents the pH-independent Km value, while f„ f a n d J . 
designate p ä functions for the substrate, free enzyme and enzym- ufa. trate 
complex respectively. If we assume, that the substrate has ™J*^™£ 
esterified pectin) or that it is always in the same ionic form over the pH range 




So for the fitting of Km data a quotient of two pH functions is needed. Combin-
A I o r J n ^ n n i n f OI . " H
 P Y l s t e n c e of two different catalytic ionic species, 
ed with the just postulated existence oi iwu u '„ c t a n tc tn obtain 
this yields an expression for Km which contains too many constants to obtain 
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The V/Km parameter, on the contrary, contains only one pH function as 
shown in equation 4.17. 
V f V I 
V/Km = _ . ^ _ = ^ - - _ (4.17) 
A separated fitting procedure of V/Km data, shows that their pH profile can 
be fitted with equation 4.18. 
V/Km = k.*2o + fcfio • Kai20/[H+] 
1 + [H+]/Kai30 + Kai20/[H+] 
in which the starred symbols represent the pH-independent V/Km parameters, 
which are originally a complex rate constant (see eq. 4.8), and therefore also 
cannot be ascribed to one definite step in the reaction sequence as given in 
scheme 4.2; this results in the first digit i. Analogous to the conversion of eq. 
4.9 to eq. 4.12 with eq. 4.4, eq. 4.18 can be converted to equation 4.19. 
1 H* 
V/Km = f«2 + 
1 + EH+]/Kai30 + Kai20/[H+] 
+ Ï™ (419) 
1 + [H+]/Kai20 + [H+]2/Kai20Kai30 ^ 
The theoretical curve of V/Km, based on eq. 4.19 and the constants given in 
table 4.1, is shown in Fig. 4.2c demonstrating a good correlation between experi-
ment and theory. Analogous to the interpretation for the V-pH dependency, it 
can be concluded that there are also two ionic forms of the enzyme which are 
able to bind substrate. However, it is to be kept in mind, that pK-values which 
show up in V/Km versus pH profiles, not only ionize in the free enzyme, but 
are also essential for the subsequent reaction of the enzyme-substrate complex 
(KAPLAN and LAIDLER, 1967). 
The theoretical curve of Km against pH through the experimental data points 
in Fig. 4.2b is obtained by dividing eq. 4.9 by eq. 4.18 (or 4.12 by 4.19) and 
inserting the corresponding constants given in Table 4.1. 
Table 4.1 shows that the pK values of the free enzyme and the enzyme-sub-
strate complex are nearly the same. That means that by dividing the pH-indepen-
dent turnover number by the pH-independent V/Km value of the corresponding 
ionic form, the pH independent Km value will be obtained (Table 4.2). 
_ LAIDLER (1955) has shown that by combining the V, Km and v versus pH pro-
files conclusions may be drawn about the nature of the substrate-enzyme inter-
actions. In case only acidic groups are involved in the formation of the enzyme-
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TABLE 4.2. Km-values (mM) for both types of pectin lyase, calculated by dividing the pH in-
dependent parameters of V by the same parameters of V/Km, at different ionic strength. 
H = 0.25 (j, = 0.05 
type I 
k210/k*I10 = KIT" 
k220/k*12o = K r , c 
type II 
k2io/k*uo = K " ' 
















(1) data obtained by curve fitting 
(2) data obtained by computor calculation. 
substrate complex, the following features will be found : 
a) a shift in pH optimum to more basic values upon increasing the substrate 
concentration; 
b) at low substrate concentration an increase in velocity at low pH values and a 
decrease at more basic pH values, that means a shift of the pH optimum 
to a more acidic optimum; 
c) an enhancement of V at increasing pH, while at higher pH values V becomes 
independent of the pH; 
d) v0Pt/v proportional to [H+] at the acid side and to 1/[H+] at the basic side 
of the pH optimum. This proportionality decreases with increasing substrate 
concentration for the basic limb while at the acid side the proportionality 
varies with the substrate concentration unless Kes = Ke; 
e) at the acid side the Km value changes with pH (no effect if Kes = Ke) 
and increases with pH at the basic side. 
The system obeys the first requirement for this type of complexing as can be 
seen in Fig. 4.1 and 4.5 as well as the second and third requirements (Figs. 4.1, 
2a and 3a). The dependency of vopt/v on [H+] and 1/[H+] respectively is difficult 
to verify, because we are not dealing with a two proton model with only one 
active ionic form. Figs. 4.2b and 3b show that the requirement with respect to 
the variations of Km with the pH is fulfilled. These observations allow the con-
clusion that the type of complexing of enzyme with substrate proceeds via 
acidic groups only. 
In case the V and V/Km functions used are the proper ones, they can be com-
bined to an expression for the initial velocity at finite substrate concentrations. 
The theoretical curves obtained, after inserting the corresponding values of 
Table 4.1, have to be in good agreement with the experimental velocities at 
different substrate concentrations and pH values. 
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ï 6.0 
FIG. 4.5. Variation of the pH opti-
ma with substrate concentration of 
both types of pectin lyase at two 
different ionic strengths. Pectin lyase 
type I at (x = 0.25 (A), fx = 0.05 
(A), pectin lyase type IIaty. = 0.25 
(O) and (x = 0.05 ( • ) . 
^210 + k220 " [H J/Ka220 
U Ï T ï ï P Ï / K a 2 2 o + [H+]2/Ka220Ka230 + 
+ + 
kf20 + kf10 • Kai20/[H+] 
1 + [H+]/Kai30 + Kai20/[H+]i [S]J 
(4.20) 
Equation 4.20 is used not only to calculate the theoretical curves shown in Fig. 
4.1, but also to calculate the pH-optima at different substrate concentrations 
by trial and error (shown in Fig. 4.5). A pronounced effect of the substrate 
concentration on the position of the optimum is seen. It has to be mentioned 
that the optima at high and low substrate concentrations are rather flat and not 
very pronounced. 
Similar experiments and calculations have also been carried out with pectin 
lyase type II in order to investigate whether kinetic differences could be detected 
between both types of enzymes. Figs. 4.6 and 4.7a, b, c show the results of v, V, 
y , K m / V
 f
p H p r o f i l e s
 respectively. The same properties, such as divergence 
îrom slopes of unity m logarithmic plots, shifts with substrate concentration 
hnt'h ^ T iU!,11 SeCmS t h a t t h e o n a n i s m is in principle the same for 
fitt 1 n?m e S" \ aUe, U t h e C ° n S t a n t s a r e listed> which are found by curve fitting using equations 4.9 and 4.18 for V and V/Km respectively. 
that ofn^t? f" ' I tUTrTn0Ver n U m b e r o f P e c t i n Jyase type I is about 2 times 
1 cZT f ' ' y P l H ' W h e r e a S t h e r a t i o i n t h e a c i d region is about 3.5. 
Jorted1 T l a m U hl.8her K m V a l u e f o r P e c t i n !y^e type I (5.5 X) was 
pHTnden n n ? T r S T ^ t h e V a l u e f o r ^ "• A simila? pattern for the £ £ S ^ r ? n ? 1 U e -S °btained in the basic region' w™e the ratio °f 
arg r (about Uf SFTJ*™ *** 1 a n d U i n ** a c i d r e S i o n is ^ larger (about 1). Other differences between both enzymes are the
 PKa22o 
and
 PKa230 values, namely 6.1 and 4.22 for type I and 5.57 and 3.50 for type II 
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FIG 4.6. pH-activity profiles of pectin lyase type II at different substrate concentrations. For 
conditions and substrate concentrations see legend of Fig. 4.1. 
FIG. 4.7. pH profiles of the Michaelis-Menten parameters of pectin lyase type II. For con-
ditions and other details see legend of Fig. 4.2. 
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respectively. However, the pK values in the free enzymes (pKal20 and pKai30) 
are only slightly different or even identical. 
Since the theoretical curves of the velocity at varying substrate concentration 
(Fig. 4.6) and those for the shift in pH optimum at varying substrate concentra-
tion (Fig. 4.5) are following a similar pattern as obtained with type I enzyme, 
it is clear that the same formula can be used for pectin lyase type II and further-
more that the mechanisms can be assumed to be identical. 
In the previous chapter it was already shown that the pH profiles are very 
strongly dependent on the buffer used. It was suggested, that these differences 
originate from differences in ionic strength. Therefore the experiments just 
reported were repeated for both pectin lyases in a phosphate buffer of constant, 
but lower, ionic strength over the whole pH region studied. Final ionic strength 
(in the assay) was 0.05. All data were treated in a similar way as those from the 
experiments at u.=0.25. 
At the first glance no differences can be found. In the profiles of V, Km and 
V/Km versus pH (Fig. 4.8a-c and 4.10a-c for type I and II respectively) and also 
from the logarithmic plots of these parameters, the same deviation from a two 
proton model is seen. Thus the same mechanism is operating. The constants in 
the lower pH range (the region where the EH3 and EH2(S) species are dominant) 
are less accurate, because the pH range could not be extended far enough. 
Substitution of the rate constants and pK values in the overall equation 4.20 
for the velocity at finite substrate concentrations, leads to theoretical curves, 
that are in good agreement with the experimental data (Figs. 4.9 a and b). 


























Fio. 4.8. pH profiles of the Michaelis Menten parameters of pectin lyase type I. Activity 
measurements performed in phosphate buffer (y. = 0.05). For other details see legend of 
Fig. 4.2. 
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pH 
FIG. 4.9. pH-activity profiles of pectin lyase type I (a) and II (b) at different substrate con-
centrations measured in phosphate buffer (JA = 0.05). For other details see legend of Fig. 4.1. 
As shown in the activity-pH plots, the pH optima obtained at decreased ionic 
strength are lower than the corresponding ones at an increased ionic strength, 
particularly in the case of low substrate concentrations (see also Fig. 4.5). 
Noted must be the independency of the turnover number and the pronounced 
larger values of Km at [A = 0.05 (compared with (JL = 0.25). 
The pH independent Km values in Table 4.2 are obtained by dividing k210 by 
k*il0 and k220 by k*i20. This can be done because the fractional distribution of 
the enzyme over the species EH2S, EH2 and over EHS and EH is the same for 
FIG. 4.10. pH profiles of the Michaelis-Menten parameters of pectin lyase type II. Activity 
measurements performed in phosphate buffer (JX = 0.05). For other details see legend Fig. 4.2. 
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pectin lyase type I (as well at [i. = 0.25 as at y. = 0.05) and nearly the same for 
pectin lyase type II (jjt. = 0.25)). 
A least square fit program used to recalculate the four constants obtained by 
curve fitting of the V (eq. 4.9) and V/Km (eq. 4.18) equations results in slightly 
different values (Table 4.1), which clearly demonstrates the shift in pK values 
upon binding. However, in the case of pectin lyase type II both pK values 
(pKai2o and pKa i30) shift downwards upon binding (pKa220 and pKa230) 
while in the case of type I an increase in pK values upon binding was calculated. 
4.3. DISCUSSION 
Before drawing conclusions, some remarks have to be made with respect to 
the experimental design and the building of a model. First of all it has to be 
emphasized, that all experiments were performed below pH 7.7. Therefore, 
although V shows a plateau, the posibility cannot be ruled out that at more 
basic pH, it increases or decreases. 
The reasons for this experimental limitation are the chemical transelimina-
tion and the saponification of the substrate. Chemical transelimination is 
rather slow, if any, under the conditions used for the enzyme assay. Corrections, 
if necessary, could be made. Progression curves of the reaction deviate only at 
extinction higher than 0.3 from linearity, excluding product inhibition. For 
the saponification, which becomes considerable at even slightly alkaline pH, 
one cannot include correction factors because a drastic increase in Km values 
results from a partial deesterification, (VORAGEN, 1972). 
A more general remark with respect to the model is concerned with its 
uniqueness. A choice of a particular model on the basis of a close fit does not 
exclude other possibilities. 
The most striking features of the pH analysis are : 
a) The V-pH dependency, that means the dependency of the rate limiting step, 
or zero order rate constant of the pH can be analyzed by assuming more than 
one ionic form of the enzyme of which two are able to catalyze the reaction, 
however with a different turnover number. In the acid form, with the lowest 
activity, one group is deprotonated (pK~4) while the other is protonated 
(pKcv>6). In the basic form, highest activity, both groups (pKcv4 and 6) are 
deprotonated. 
b) The V/Km vs pH profile can be analyzed in the same way. However, in 
this case V/Km is larger for the acidic form than for the basic form. 
c) From the pKm vs pH plot the increase of Km at higher pH is mainly situated 
in the basic form. 
d) The above mentioned points, combined with the v vs pH profiles are indica-
tive for a type of complexing of enzyme with substrate in which only acidic 
groups are involved. : 
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The differences between both types of lyases are due to differences in turn-
over numbers, Km values, V/Km values and the pK values of the enzyme sub-
strate complex, but hardly to the pK values of the free enzyme. The influence of 
the ionic strength is restricted to an effect on Km, while in the case of pectin 
lyase type II also a higher pKes value is calculated. 
The interpretation of the data on a molecular level is difficult, particularly 
since no information exists on the reaction mechanism. Enzymes which have 
been studied very well with respect to the pH-dependency are chymotrypsin 
and trypsin (KASSERA and LAIDLER, 1969) and detailed information on the reac-
tion scheme is available. With the proteolytic enzymes mentioned the rate 
limiting step can be changed by changing the pH (FERSHT and REQUENA, 
1971 and RENARD and FERSHT, 1973) and by using substrates (BENDER et al., 
1964, 1966), for which either acylation or deacylation is rate limiting. The 
same observations have been made with other proteolytic enzymes (BAUER and 
PETTERSON, 1974). In this way information was obtained on the pH-profiles of 
the individual rate constants, which facilitated the interpretation. 
The first question in connection with the interpretation is the meaning of the 
parameters determined. In the case of V one is dealing with the rate limiting 
step. Assuming a mechanism, in which the enzyme-substrate complex de-
composes in two sequential steps (eq. 4.5), the V is an expression of two rate 
constants (eq. 4.6) for the formation and dissociation of the first product and 
the second for the velocity at which the second product dissociates. 
In the activity measurement the formation of the double bond is measured 
but no discrimination between bound or free unsaturated product can be made. 
Since stopped-flow experiments did not reveal a burst in signal at 235 nm 
(E = 1 mg/ml, S = 4 mM), it must be concluded that the rate limiting step 
occurs before the formation of the double bond. Therefore it was assumed that 
k2 is rate-limiting, thus V = k2 with the consequence that the equation 4.7 of 
the Km value reduces to that of 4.14 Although salts or ionic strength influence 
the Km, but not the turnover number, one cannot conclude that Km equals Kd. 
From the temperature dependence of Km and V (Chapter 5) it seems more likely 
that Km equals k2/kx. 
The equation for V/Km is dependent on that of Km. This means that, if Km 
equals k2/k1( V/Km equals k^ Otherwise the second order rate constant 
(V/Km) has to be expressed as in equation 4.8. 
Another question is concerned with the nature of the groups to which the 
pK values determined belong. The group with relatively low pK values (Ka230 
and Ka l30) can be readily assigned to a carboxylic group/However, we have 
to keep in mind that the assignment of the nature of a group on the basis of 
pK values alone has severe limitations. A pK value within the protein may be 
shifted over more than 3 units from the value in the free state in solution. 
Even knowledge of the effect of the ionic strength on the pK values is not enough 
to draw conclusions. One has to combine this knowledge with for instance 
data on heats of ionization, chemical modification or affinity labeling. This 
approach will be discussed in the next chapter. The groups with pK values 
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around 6 (pKa220 and pKai20) can be either carboxylic groups with high pK's 
or imidazolic or sulphydryl groups with low pK's. In Chapter 5, evidence will be 
presented that they are carboxylic groups. 
The most essential question is the mechanism of enzymatic elimination. In 
the case of pectin lyase the elimination process is quite unknown. Even the 
data on the chemical elimination process in pectin are very scarce; an Ecbl 
mechanism (see Chapter 1) has been postulated as the most attractive for the 
breakdown of pectins (BEMILLER and KUMARI, 1972). Electron-withdrawal by 
the esterified carboxylic group makes the a-proton at C-5 sufficiently acid for 
elimination with subsequent formation of a carbanion. Other factors which 
facilitate this reaction, like axial-axial orientation of leaving groups and ring 
rigidity, have already been discussed. Although there exists no evidence, it 
seems not unreasonable to assume a similar mechanism as has been postulated 
for other eliminating enzymes like ß-methylaspartase (BRIGHT et al., 1964) 
and aconitate isomerase (KLINMAN and ROSE, 1971). One example is given how 
the reaction sequence could proceed: 
a) binding of substrate 
b) abstraction of a proton 
c) rearrangement of the electrons, stabilization of the carbanion and distortion 
of the sugar configuration 
d) fission of the glycosidic bond, formation of the double bond 
e) dissociation of the unsaturated product 
f) dissociation of the saturated product 
g) reprotonation or redeprotonation of important groups on the enzyme (if 
necessary). 
The data show that the effective complexing of enzyme with substrate occurs 
via a protonated carboxylic group, which is the group with a high pK value 
(pKal2o)> while the group involved in catalysis is ionized. Thus the catalytic 
group is the carboxylic group with a pK value around 4 (pKa230). 
Both in the acid and in the basic forms substrate is bound, however, since 
the pH range could not be extended to pH values above 7.7 other protonated 
groups possibly involved in binding could not be detected. Modification studies 
of the enzyme with N-acetyl imidazole, according to RIORDAN et al. (1965), 
show a rapid inactivation, suggesting a functional tyrosine residue. A second 
indication is the quenching of the tyrosine fluorescence of the enzyme upon 
titration with penta-galacturonic acid methyl ester (Chapter 6). Thus it is 
attractive to postulate that in the acid form the enzyme binds through a pro-
tonated carboxylic acid and a tyrosine group, while in the basic form the sub-
strate is bound by a tyrosine probably assisted by a carboxylate ion by media-
tion of a water molecule, apart from other types of interactions between enzyme 
and substrate. This seems to be a possible explanation for the difference in Km 
values between both ionic forms of one enzyme, but also for the large effect of 
salts and the ionic strength upon the Km value in the basic region. 
- The large difference in turnover number of both ionic forms can be explained 
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in different ways. It is possible that although the binding is better (two groups) 
at acidic pH values, the configuration of the substrate, with respect to the cata-
lytic carboxylic group is such, that the reaction proceeds more difficult. Another 
explanation is a possible assistance of a polarized water molecule, mediated in 
substrate binding (scheme B), to the catalysis. 
The method of GRAZI (1974) and HEALY and CHRISTEN (1973) to trap a 
carbanion intermediate with redox indicators was unsuccessful, possibly due 
to the very short lifetime. Thus the three events, the rate-limiting withdrawal 
of proton at C-5, formation of double bond and dissociation of unsaturated 
products seems to occur at the same time. These proposals are summarized in 
schemes A (acidic form) and B (basic form). 
HO-Ç (pK-6) 
0-R' 
R-0« \ H 5 
0 
II 
0 - C (pK~6) 
From these schemes it becomes also clear why the EH3(S) form in the used mo-
del is necessary. 
Among the other possibilities which could explain the difference between the 
two ionic, active forms of the enzyme, such as a change in rate-limiting step, 
one possibility, very difficult to verify, remains: a shift in the ratio repetitive at-
tack to multiple attack to lower values. ROBYT and FRENCH (1967) stated, that 
when Km equals KJK repetitive attack is dominant, while in case k ^ c v * ^ 
or even Km equals Kd multiple attack or even multichain attack is favored. 
They demonstrated that by lowering the pH a shift to more repetitive attack 
occurs from a multiple attack in a-amylase. This shift has to be accompanied by 
an increase in half time of the viscosity reduction with respect to the increase in 
reducing end groups. Since VORAGEN (1972) has demonstrated an increase of 
this half time of viscosity reduction with respect to the increase in absorption 
at 235 nm at increased pH, the possibility remains that in the basic ionic form 
Km = ke.t/ki, which leads to a larger extent of repetitive attack. 
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5. TEMPERATURE-DEPENDENT KINETICS OF PECTIN 
LYASE 
5.1. INTRODUCTION 
The dependence of the reaction velocity of an enzyme on the temperature 
originates from effects on the stability of the enzyme and on one or more different 
reaction parameters. Optimal use of data on the temperature-dependency is 
only possible when the experimental design is such that only one parameter is 
measured at a time, thus avoiding mixed effects. These problems are analogous 
with those already met in the study of the pH-dependency. 
Velocity constants obey the empirical relationship of Arrhenius: 
In k = - — + B (5.1) 
RT 
In this formula k denotes a rate constant and B a constant which is proportional 
to the total number of molecular collisions (frequency factor). 
The logarithmic plot of the reaction parameter studied versus the reciprocal 
of the absolute temperature (Arrhenius plot) is a straight line as long as the 
order of the reaction does not change; from the slope of this plot (-E*/2.3R) 
the activation energy can be calculated. 
The enthalpy of activation (AH*) can be calculated from the activation energy 
according to (5.2). 
E* = AH* + RT (5.2) 
Calculations of the free enthalpy of activation (AG*) can be performed at each 
temperature from equation (5.3) which is based on the theory of absolute reac-
tion rates (transition state theory) of EYRING (1936). 
AG* = - RT In k ' h (5.3) 
kB • T • T 
in which k is a rate constant (sec-1).h the Planck constant, kB the Boltzmann 
constant and T the transmission coefficient. 
For most enzymatic reactions involving simple bond rearrangement such 
as hydrolysis, hydration or group transfer, the transmission coefficient is one, 
as it is for such reactions in homogeneous media (LUMRY, 1959). In case changes 
occur in electronic states during the reaction this coefficient can be considerably 
less than unity. 
The enthalpy and free enthalpy of activation are related with each other via 
the entropy of activation (AS*) according to equation (5.4). 
AG* = AH*-TAS* (5.4) 
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The temperature effect on an equilibrium is given by the Van't Hoff relation-
ship (5.5). 
dhiKeq = AH° ( 5 5 ) 
dT RT2 
From the slope of a Van 't Hoff plot the enthalpy change (AH0) can be calculat-
ed, whereas the change in free enthalpy (AG0) is obtained from equation (5.6). 
A G ° = - R T l n K e q (5-6) 
The relationship between the thermodynamic parameters of activation (5.4) 
can also be used for the standard parameters. These formulas can be used direct-
ly for the temperature dependency of dissociation constants of proton dissocia-
tion equilibria; AG°ion, AH°ion and AS°Ion are then obtained. In cases where 
K represents the dissociation constant of the enzyme-substrate complex the 
usual thermodynamic relations between Kea> AH0, AG0 and AS0 are applied. 
From the fact that Km has the dimension of a dissociation constant it is possible 
to calculate these parameters but in order to indicate that an equilibrium situa-
tion is not really involved the corresponding values are denoted by AH
 m, 
AG°m and AS°m. A logarithmic plot of V/Km versus the reciprocal temperature 
gives the difference between E* and AH°m. 
For reactions in solution at ordinary pressures AH* is nearly equal with the 
potential energy change (AE*) in bond rearrangement. The activation^entropy 
Includes, steric, orientation and distortion effects the entropy of dution and 
concentration effects, which results from choice of standard^states It is impor-
tant to mention that at a particular pH, the possibility east*.that the parame e 
are not measured at mole base. In addition the thermodynamic param ters 
obtained can be perturbated by the heats of ionization proces es (LUMR^1959 
and JENCKS, 1969). Thus the pH-independent parameters obtained in Chapter 4 
have to be used in the calculations. 
In case all steps of a reaction pathway are known, as weh as * ^ ^ * ° 
dependency, the standard enthalpy change or standard free enthapy change 
can be plotted versus the reaction coordinate'Jus giving an J r e s ; i o n ^ 
reaction events (BENDER et al., 1964). LUMRY (1959) ^  Panted out very clear 
ly, which conclusions m a y ^ S Ä T £ S actual 
compilations may arise. So, without iunner m
 n n m „ n t . n n P h a s t o be 
co/ecuUve steps, «he poups invoW £ ^ £ ™ £ « * » * , 
very careful in interpreting the order oi magim examole of 
e J „ g e of one of «he ^ ^ J ^ ^ S ^ c S ^ L 
^ ^ ^ ^ , 7 ^ " ' " e v ' e n , - p e r f o , ^ a,o„E ,hese „ e s 
(iMOToetal., 1972). 
The a „ a l ? s of ,he ' - — Ä f Ä Ä ^ S £ £ 
on enzyme kinetics can also be useü as a iuui 
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of pK-values to certain groups (DIXON and WEBB, 1958). 
As mentioned in the previous chapter, the pK-values of amino acid side 
chain groups can show considerable deviations from the value obtained with 
model substances. Heats of ionization (AH°ion) do not show large devia-
tions from the value of a model compound. The difference between AH° ion of 
the carboxyl group and the imidazole groups is such that a discrimination is 
not difficult (WYMAN and EDSALL, 1958). The AH°ion values for carboxylic 
groups normally very between -1.5 to +1.5 kcal/mole (DIXON and WEBB, 
1958), however, also larger negative values have been observed, like for instance 
by STEWART et al. (1971) in the case of trypsin (-8.8 kcal/mole) and by WANG and 
TOUSTER (1972) for ß-glucuronidase (-7 kcal/mole). The AH° ion for an imida-
zole group amounts to about 7 kcal/mole (DIXON and WEBB, 1958). The entropy 
change of ionization for carboxylic groups has a characteristic value cf. -18 
to-21 e.u. (TANFORD, 1962), which can be used to assign with confidence a 
pK value to a definite group. In the case of trypsin (STEWART et al., 1971) and 
ß-glucuronidase (WANG and TOUSTER, 1972) the actual pK values were too 
high to conclude definitely that they belonged to glutamic or aspartic side chain. 
However, in combination with the AH°lon-value an assignment could be made. 
In the case of lysozyme both the pK value of 6 and the AH° lon of 3 kcal/mole 
are not straight forward values to be conclusive, whereas in combination with 
a AS°ion value of-18 e.u. no doubt remains that a carboxylic group is involved 
(PARSONS and RAFTERY, 1972). 
The fact that AH°ion and AS°lon values of amino acid prototropic groups in 
proteins do not correspond with the values of free molecules is not surprising. 
It can be easily rationalized that such differences arise from the interactions be-
tween the group investigated with the surrounding protein and the solvent. 
Nevertheless, the question why the SH-group of papaïne has such a low pK-
value cannot be answered even with the present detailed knowledge of the 
three dimensional structure. 
5.2. RESULTS 
From the temperature dependence of the kinetic parameters (V and Km) of 
both pectin lyases determined at three pH values, the values for E* and AH°m 
were calculated with the aid of the Arrhenius and Van 't Hoff plots (Table 5.1). 
TABLE 5.1. Activation energies of V and enthalpy changes of Km values of both types of pectin 
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Fro. 5.1. pH pronlesofE*v ( 0 ) . E ^ ( a ) - n d f f . ( A ) o f l ^ ^ 1 J ^ ^ ^ 
Arrhenius plots of V and V/Kra and from a van't Hoff plot of Km at different pH 
Assay buffer: Mcllvaine buffer ([i = 0.5). 
Both parameters vary only slightly with the pH in the; c a s e j d ^ n ^ g E 
II. Pectin lyase type I showed a marked variation m tin respect, thusthtern 
perature dependence was measured at additional ^ ^ ^ / ^ Z 
pH dependence of E*. AH°m and E*c denved from ^ ^ ^ f f ™ 
V/Km parameters at different PH and < ^ ^ £ ^ % ^ 
symbol E*c denotes the activation energy of V/Km) derived iro y 
Lhenius plot. The subscript c inchcates the ^ £ S f alt 
The large variation in slopes o f V « ^ ^
 first measurements. This 
part of the data have been measured a year alter ine substrate. 
L some effect on the K-values do. ^ ^ ^ Ä deviation 
Secondly, the e x t r a p o l a t e d ^ ™ J ™ ^ ° ^ val/e of Km. 
(10-15%) at higher pH because of the reatveiyn g ^ ^ ^ 
The linearity of the plots (an example i shownmH* J ^ 
tion of V, Km and V/Km at any temperature differently 
of25°C as used in Chapter 4, by applying the general formula ^ 
l ogX=A/T + B 
in which: X is V, Km or V/Kffl, f ^ u l T f S ï o n energy measured For these calculations either the red vaJu«* ^ ^
 ( m e t h o d fc) 
(method a) or the values deduced from the laeaiu 
were used. - , 
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3.25 3.30 3.35 3.40 3.45 3.50 
l/T x 103 ("K"1) 
FIG. 5.2. Arrhenius plots of V (O), V/Km (A) and a van 't Hoff plot of Km (D) of pectin lyase 
type I at pH 5.0. Assay buffer: Mcllvaine buffer (p. = 0.5). 
pH profiles of the Michaelis-Menten parameters at several temperatures were 
constructed using this procedure. The pH profiles were each analyzed with a 
least square fit program mentioned in Chapter 4, according to the V and V/Km 
models described by eq. 4.9 and 4.18 respectively. In this way the pH indepen-
dent velocity constants and the pK values of the groups governing the pH de-

















-*^  °^\ 
i 
3.55 
1/T X 103 ("Kr1) 
FIG. 5.3. Temperature dependence of the constants determining the V-pH profile (eq. 4.9) of 
pectin lyase type I; X is k2 i0 (O), k220 (A), Ka220 (D) and Ka230 ( •) respectively. The 
ordinate is arbitrarily chosen. 
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3.30 3.35 3.40 3.45 
l/T X 103 ("K-1) 
3.50 3.55 
FIG. 5.4. Arrhenius and van 't Hoff plots of the codants determining the V/Km-pH profile 
(eq. 4.18) of pectin lyase type I; X is kI10 (O), kI20 ( • ) and Kai2„ (D) and Kal30 ( •) respec 








T t 8 ( . ) 12 (A), 16 ( •), 20(D), 24 (A) and 
FIG. 5.5. V-pH profiles of pectin lyase type 1 a t» i h ^ ^ ^ . ^
 from e q 4 9 . T h e 
28 °C (O) respectively. The drawn curves a«s tne
 a f temperature are derived from 
values used for the corresponding cons tont3 at ea ^ ^ ^ ^ ^ ^
 t e m p e r a t u r e s v,a eq. 5.7. 
the relation between the values at 25 °C ( I am . ;
 w a s u s e d 
The calculated temperature dependence given in in 
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TABLE 5.2. Activation energies of the pH independent velocity constants of V and V/Km of 
pectin lyase type I obtained from Arrhenius plots of these constants at different temperatures 
and the standard enthalpy changes of the important prototropic groups upon ionization ob-
tained from van 't Hoff plots of their pK values at different temperatures. The symbols for 
turnover numbers and K values are the same as used in Chapter 4. 
E* (kcal/mole) AH°l01I (kcal/mole) 
k210 17.341 17.632 
k220 10.971 12.982 
k*110 7.591 
k*i20 8.121 
1. values obtained by using method a 
2. values obtained by using method b. 
Ka22o 
K a 2 30 
K„i2o 







FIG. 5.6. V/Kra-pH profiles of pectin lyase type I at 8 ( • ) , 12 (A), 16 ( •) , 20 (D), 24 (A) 
and 28°C (O) respectively. The drawn curves are the theoretical ones derived from eq. 4.8. 
The values used for the corresponding constants at each particular temperature are derived 
from the relation between the values at 25 °C (Table 4.1) and those at other temperatures via 
eq. 5.7. The calculated temperature dependence given in Table 5.2. was used. 
of the activation energies and heats of ionization of the just mentioned para-
meters after constructing Arrhenius and Van 't Hoff plots (Fig. 5.3 and 5.4). 
The results are given in Table 5.2. By insertion of the temperature dependency 
(eq. 5.7), the concomitant activation energies and heats of ionization (Table 
5.2) and the values of the turnover numbers and dissociation constants at 
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25 °C in the equations for V (4.9) and V/Km (4.18) theoretical curves are ob-
tained which are in good agreement with the experimental points (Figs. 5.5 and 
5.6). 
The heats of ionization of Ka230) Kal20 and Kal30 (-1.7, -3.8 and -0.7 kcal/ 
mole respectively) are in the range of the values for carboxylic groups. Although 
the value of AH°ion of Ka220 is strongly positive, this group can still be a 
carboxylic group, if we take into consideration the other value obtained (-2.1 
kcal/mole) by method b. 
From the data, the thermodynamic parameters for the turnover numbers 
(k210 and k220) were calculated, by applying eqs. 5.2-5.4 and assuming a 
transmission coefficient of one, although the latter value could be lower. The 
values obtained are summarized in Table 5.3 for both pectin lyases. In the case 
of pectin lyase type II no discrimination was made between differences in 
enthalpy change of the basic and more acidic form of the enzyme. This was 
omitted because the temperature dependence was only determined at three 
pH values and as already stated this dependency changes very little over this pH 
region. 
For a further interpretation of the thermodynamic parameters the physical 
meaning of the Km-value is of great importance. Thus starting from equation 
4.14 two extreme cases, namely k_ t ^k 2 and k2>k_!, are possible. The latter 
possibility is however more likely considering the similar temperature depen-
dent patterns of the Km and V parameters (AH°m and E*) over the pH range 
(Fig. 5.1). Therefore the thermodynamic parameters were calculated assuming 
k2S>k_!, c.q. V/Km equals k^ Thus, all thermodynamic parameters can be 
derived, analogous to the parameters calculated for V, yielding the parameters 
of activation (see Table 5.4). 
TABLE 5.3. Thermodynamic parameters of the pH independent velocity constants of pectin 
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6.70 XlO5* 
























. - 4.7* 
-17.2* 
-14.5* 
* Km expressed in moles 1 ~ l . using a polymerization degree of 40. 
Meded. Landbouwhogeschool Wageningen 75-13 (1975) 75 
TABLE 5.5. Thermodynamics of ionization for the prototropic groups of pectin lyase type I and 
II which determine the pH dependence. The change in standard enthalpy upon ionization of 


















* values obtained by using method b. 
































kt depends on the way the Km value is expressed. Normally this is done by 
taking into account the number of glycosidic bonds in a polymeric substrate. 
If, however, the real molarity is taken, which is a more correct expression and 
a degree of polymerization of 40 is assumed, all values will change. 
The correct expression is of great importance if one wants to compare data 
for different oligomeric substrates. The values obtained, when expressed in this 
way, are inserted in Tables 5.4. 
Since the heats of ionization of the groups involved are known, the change 
in free enthalpy and entropy upon ionization can also be calculated and com-
pared with the values for carboxylic model systems (Table 5.5). 
5.3. DISCUSSION 
VORAGEN (1972) reported an activation energy of 15 kcal/mole for two pectin 
lyases of different source, which is in good agreement with our value of 14.3 
kcal/mole for pectin lyase type I and somewhat higher than the value for pectin 
lyase type II. The values of 8.4 and 8.2 kcal/mole for the activation energy of 
pectin lyase reported by ALBERSHEIM and KILLIAS (1962) and AMADO (1970) 
respectively, are based on measurements at one finite substrate concentration, 
used over the whole temperature range. Both authors also used different assay 
conditions. The logarithmic plot of the Km value given by VORAGEN (1972) is 
non-linear; however, the enzyme used was a mixture of pectin lyase type I and 
II. As can be seen from Table 5.1, the enzymes show a pronounced difference 
in the temperature dependence of the Km value which explains the non-linear 
plot. The activation energy of the chemical transelimination reaction given by 
ALBERSHEIM and KILLIAS (1962) is 23.0 kcal/mole. The higher value for the 
chemical process, compared with the enzymatic process is not unexpected in the 
case of an identical mechanism. 
The linearity of the Arrhenius plot, has enabled us to determine the pH pro-
file of V and V/Km at each temperature over the range studied. This resulted in 
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the calculation of the thermodynamic parameters of the prototropic groups 
within the protein and of the pH-independent turnover numbers. This extensive 
study has only been done with pectin lyase type I. The temperature dependence 
of the V and Km values of pectin lyase type II, determined at three pH values 
did not show such a tremendous dependency on the pH, from which we conclu-
de that the heats of ionization of prototropic groups involved in this type of 
enzyme has to be zero, or nearly zero. Also, at least in the pH range studied, the 
temperature dependence of both ionic forms of type II enzymes is nearly 
identical. Thus it is reasonable to assume that the groups involved, also Ka220 
and Ka l20 (pK of 5.6 and 6.5), are carboxylic groups. 
The value of the entropy of the ionization has the order of magnitude to be 
a carboxylic group (-25 and -29 e.u. respectively) as well as the heats of ioniza-
tion for Ka230, Kai20 and Kal30 in pectin lyase type I. So the assignment of the 
pK's to carboxylic groups is straight forward. The value of 4.4 kcal/mole 
for Ka220 (pK = 6.16) is somewhat high, however, if we take in to account the 
value of-2.1 kcal/mole obtained no doubt exists about the nature of this group, 
also because the values for AS°ion have the proper magnitude (see Table 5.5). 
Explanations for the deviation to more negative values than found for model 
substances is useless, because the values are not corrected for the charge of 
pectin lyase, while in addition nothing is known about the protein structure 
surrounding the groups involved. 
Not only these results support the suggestions made in the previous chapter 
about the nature of the prototropic groups, but also preliminary studies on the 
chemical modification of the enzyme. Photo-oxidation with Bengal-rose as dye 
sensitizer (TSURU et al., 1971 and WESTHEAD, 1965) and modification with 
diethylpyrocarbonate according to WALLIS and HOLBROOK (1973) do not sup-
port the idea that an imidazole group plays a role. With diethylpyrocarbonate 
inactivation occurs only when more than a 1000-fold molar excess was added 
to the enzyme. Attempts to modify disulfide bridges and/or sulphydryl groups 
according to ELLMAN (1959) with Ellman's reagent were not successful; further-
more incubation of enzyme with a 2-10 fold excess of p-chloromercuribenzoate, 
iodoacetic acid and/or N-ethyl-maleimide did not have any effect on the activi-
ty. The involvement of imidazole and/or sulphydryl groups is thus very unlikely 
as suggested by the lack of results. 
In contrast, modification by water-soluble carbodiimide and glycine methyl 
ester (HOARE and KOSHLAND, 1967) or with sulfanilic acid (KRAMER and 
RUPLEY, 1973) leads to a rapid inactivation. Even at pH 6.0 these carboxylic 
groups can be modified with the last reagent, supporting very clearly the in-
volvement of carboxylic groups in catalysis and binding. 
Comparison of the thermodynamic parameters of both enzymes reveals a 
large difference. Firstly, pectin lyase type II does not show a large change in 
parameters over the pH range studied, in contrast with type I (see Table 5.1). 
So the two ionic forms of type II do not differ very much in their behavior. The 
larger turnover numbers of the basic form of enzyme type I with respect to the 
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acidic form, seems to be due to the more favorable change in entropy of 
activation. The same can be argued for the difference in the turnover numbers 
of both ionic species of type II. Comparison of the turnover numbers of both 
types of enzymes shows that their difference is also accompanied by different 
activation entropies. 
Inspection of the thermodynamic parameters of kx, shows that the difference 
in constants between both ionic forms is also governed by a difference in activa-
tion entropy; the difference between the parameters of both types of enzymes 
is governed by the activation enthalpy. We have to keep in mind that in the 
calculation of the activation parameters the transmission coefficient is taken as 
unity. 
The discussion about the order of magnitude of the thermodynamic para-
meters of activation has to remain superficial due to the lack of knowledge 
about the structure of the enzyme, the catalytic center and its direct environ-
ment. This kind of information is, in my opinion, necessary for a further expla-
nation of the data. 
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6. SUBSITE MODEL 
6.1. INTRODUCTION 
A decade ago, a new approach for the understanding of the action mechanism 
of depolymerizing enzymes was introduced. In this concept the interactions 
between enzyme and substrate occur at a binding site which is composed of 
tandem subsites geometrically complementary to the monomenc subunits of 
the polymeric substrate. Investigations in this field are mostly concerned with 
carbohydrate cleaving enzymes, probably because their substrates are better 
homopolymers then for instance the substrates of proteolytic enzymes HAN-
SON (1962) was the first to consider the kinetics of shortchain polymer cleaving 
reactions He derived equations for the velocity, assuming more than one bin-
ding l e on the enzyme and also taking into account that the product which is 
formed becomes a substrate for the reaction again. 
The enzyme on which extensive knowledge has ^ n -cumulated wth re-
spect to its binding site is lysozyme. This „ d u e to the ^ f ^ f ^ Z 
dimensional structure (PHILLIPS, 1966, 1967) J y » o ^ » ^ J o mte«rt 
with six monomeric subunits of the substrate &"**«*->^Jtl^ZZ 
et al., 1968). A detailed picture can be constructed of th » t e n o n s between 
the protein and oligomeric substrates. In a recent artete by IMOTO and 
workers f19721 most of the literature on this aspect can be found. 
t r S l i the binding region ^ ^ ^ l ^ r T J I l ^ 
subsites, each of which can ^ ^ T Z ^ T K ^ ^ X ^ : ^ 
of which may have its own affinity foia monômer complexes 
means either complexes in which the substrate covers thecatalytic site, leading 
to catalysis, or complexes not covering the catalytic place^ 
Aparîfrom distinguishing ^ f ^ ° Z ? £ S £ Z fStocnt 
these both types of enzyme-substrate C O I " P ^ e s ^
 a f £ c a l l e d t h e d i f f e r e n t 
positions of the binding region tf <the ^ s ^ a r e ^ ^ ^ ^ 
binding modes of the s u b s t » ^ ^ . ^ J
 w h i ö h t h e reducing end mono-
is indicated by the number * ^ 8 » £ * £ of the subsites covered by 
mer of the substrate is bound. The subsite a » , 
the substrate determine the probability of a certain complex. 
i nana 1971 1973) and THOMA and coworkers (1970, 
HIROMI and coworkers (1970 ^ ^
 a n a l t h e a c t i o n patterns of 
1971) have independently developed method»^* a y ^
 t Q ^ 
polymer cleaving enzymes in terms of a » m ° d e
 Jc i o d i s d e v e l o p . 
number of subsites and their « ^ ^ J f ^ ^ c - m a et al. is cu-
ed by Hiromi and coworkers, whereas the method useu y 
led the product analysis method. 








o I , t . I , I » I , X 
FIG. 6.1. A schematic subsite 
model for an active site with 6 
subsites. The wedge represents 
the catalytic site, O an esterified 
galacturonic acid residue, 0 the 
reducing end monomer, n the 
degree of polymerization and j 
the binding mode (indicated by 
the number of the subsite at 
which the reducing end monomer 
is bound). In this example n, j 
4,6, 4,5 and 3,5 are productive 
complexes, whereas 4,7, 3,6 and 
3,7 are examples of non-produc-
tive ones. 
Two fundamental assumptions have been made in both cases. Firstly, the Km 
value is considered to be equal to the dissociation constant of the ES complex, 
whereas binding of a monomer residue to one subsite does not affect the binding 
of a second monomer residue at the adjacent subsite (consequently the subsite 
affinities are assumed to be additive). The second assumption is that the intrinsic 
rate constant (kim) is identical for all productive complexes, irrespective of the 
degree of polymerisation of the substrate and the binding mode. The activity 
of the enzyme on a certain oligomer therefore depends on the probability of 
the formation of productive complexes among all possible enzyme-substrate 
complexes. This is expressed in eq. 6.1. 
k0 = V/e0 = kint • Z (KnJ)p / {E (KnJ)p + S (Kn>j)q} (6.1) 
The experimentally determined 1/Km value is the sum of the binding con-
stants of both types of complexes (p and q) in all their binding modes (j) : 
l/Km = Z(Kn>j)p + E(KnJ)q (6.2) 
The ratio of both equations yields eq. 6.3, an expression for the first order 
rate constant, which contains only the association constants of the productive 
complexes. 
ko/Km — k in t S ( K n j ) p (6.3) 
In a plot of k0 vs n, or more conveniently log k0 vs n, the velocity reaches a 
constant value if n exceeds the number of subsites (m), because the ratio of 
the amount of productive complexes formed to the total number of complexes 
becomes one. 
Although the reciprocal Km value, defined as the sum of all association con-
stants, has to be constant when n> m since every subsite is occupied, the Km 
value remains decreasing upon increasing n. This feature is called degeneracy 
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by NiTTA et al (1971). In order to obtain a constant value of Km at n>m, the 
experimental value is corrected (eq. 6.4) with a degeneracy factor (n-m+1), 
which represents the number of binding modes of a n-mer which covers the 
binding region completely. 
l/Km = 2(Kn>J)p = (n-m + 1) KlBt (6-4) 
j 
In this equation the intrinsic association constant (K, ) ^ ^ ^ K " t n 
constant when all subsites are covered. Using this method, a pat of
 P K„v n 
yields m at the point where Km becomes constant. In the same way th V/K 
data have to be corrected for values of n>m. Expression of the K. values on 
monomer basis is another way to obtain plots in which Km or V/Km reaches 
plateau-value if n equals m. 
From the kinetic data with substrates of which n<m, the individual subsite 
fore one has to define first the subsite affinity. F ^ ^ ^ t 
strate complex results in a decrease ™ «f^J™f££"Ldi'g affinity 
standard affinity. The last quantity is defined as mo1 cular bindingjtn y 
(NITTA et al., 1971) denoted by B, Because the * ^ — , f e 
independent, the molecular binding affinity i th s sum o 
of the subsites covered and can be divided into two parts. 
Bj = £ Ai = - AG? + AGmix 
T„e , e m A G ° 1 arises fro» ^ " ' . ' Ä Ä ^ 
rearranged to eq. 6.6. 
Bj = RT In Kn>j + AG°ix ( 6 6 ) 
or 
COV 
K • = 0.018 exp(£ A;/RT)„,j 
Kn , can be obtained from the first order r a t e ^ n ^ n l tetramer (n J = 
Fig. 6.1 illustrates that the difference,,njnndjng bet ^ ^ ^ ^ 
4,5) and a trimer (n,j = 3,5) is one subsiteV >•
 i s a t i on> t h e affinity 
substrates which differ one monomer m degré v 
of one particular subsite can be calculated with eq. 6.7. 
ln(k0/KJn+1-ln(ko/KJn \=1 i = 1 , 
Meded. Landbouwhogeschool Wageningen 75-13 (1975) 
(6.7) 
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Thus, an expression is found for the subsite affinity corresponding with site 
(n+1). This subtraction procedure can be repeated untill all subsite affinities 
are known, except for the sites adjacent to the catalytic place. The sum of the 
subsite affinities of these two places can be found by: 
(k 0 /KJ 2 = 0.018 kint ((At + A2)/RT) (6.8) 
in which kjnt can be calculated from the activity on the polymeric substrate. 
The theory has recently been extended by IWASA et al. (1974) for those cases 
where multiple productive binding occurs. 
A basically different approach is used by THOMA and coworkers (1970, 1971). 
One can imagine that apart from the maximal velocity and the first order rate 
constant also the product distribution is governed by the values of the different 
subsite affinities. The amount of a certain product formed is related to the sum 
of association constants of the different binding modes. Therefore, the differen-
ce in amount of product formed from a tetramer and trimer (Fig. 6.1) yields 
the subsite affinity of the subsite not covered by the trimer. By using expressions 
analogous to 6.7 we obtain: 
AG„°+1 = Z AG°+1 - L AG? = RTln Z(dPj>m/dt) (6.9) 
2(dP j + 1 > m + 1 /dt) 
In this equation m denotes the chain length of the product. 
Thus, with the product analysis method the subsite affinities of the different 
subsites can be determined by a subtraction procedure with the exception of the 
sites adjacent to the catalytic place. With this approximation THOMA et al. 
(1971) calculated the subsite affinities and the theoretical Michaelis-Menten 
parameters for a-amylase of Bacillus amylo-liquefaciens. These theoretical 
values are reasonably well in agreement with the experimental data. In fact the 
two methods mentioned are complementary. 
The enzymes for which the action pattern has been explained by proposing 
a subsite model are all hydrolytic in nature. Examples thereoff are gluco-
amylase (HIROMI et al., 1970, 1973), Taka-amylase A (NITTA et al., 1971), 
ß-amylase (KATO et al., 1974), lysozyme (BLAKE et al., 1967 and CHIPMAN et al., 
1968) and cellulases (PETTERSON, 1969, WHITAKER, 1954 and HANSTEIN and 
WHITAKER, 1963). 
From the pectolytic enzymes only polygalacturonase from Aspergillus niger 
has been studied in this respect. KOLLER and NEUKOM (1969) remained rather 
descriptive in their analysis. Based on the results of product analysis of oligo-
meric substrates they postulated two binding sites resp. 5 and 2 glycosidic 
bonds remote from the catalytic site. That means 7 or 9 subsites, depending on 
which side of the catalytic centre both binding sites are situated. The results 
of REXOVÂ-BENKOVÂ (1973), obtained by kinetics on oligomeric substrates, 
are indicative for a binding region of 4 subsites on the same enzyme. This model 
was revised in 1974, by proposing additional subsites with a lower subsite 
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affinity, which also take part in the interaction of the enzyme with substrates. 
This chapter contains the results of investigations on the subsite model of 
pectin lyase from Aspergillus niger. 
6.2. RESULTS AND DISCUSSION 
T h e depended of .he initia, ^ ^ ^ ^ Z ^ S Z 
these substrates. «,aaciirpments No linear pro-
Two remarks can be made about the k ^ ^ ' ^ ^ i
 degree of 
gression curves were obtained when o H ° ™ " ^ * £ e d w th higher oli-
n<5 were used as a substrate, n c o ^ ^ g
 T h e d
g
evia t ion 
gomers. Within one minute a downwards de*»*» » ^ 1 C
 for T 
occurs at a chain length n<5 for P ^ ^ ^ ^ ^ i , the large drop 
respectively. The second observaüor,, worthw le t^ ^ ° '
 t h a n o n e h o u r 
in activity when the oligomers were dissolved m watei-for m
 r i f i c a t i o n 
before the activity measurements,: ^ Ï
 c o n c ntraüïn and chain-length This drastic change in activity is substrate concentrât 
dependent. 






















































































2) substrate concentration expresse a on octamer 
* mixture consists out of about 60% hepta ana J^_ ^ ^
 % ^ m & u 
** mixture consists out of about 25 /„ octa-, 
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FIG. 6.2. L.B. plots of pectin lyase type II on oligomeric substrates measured in Mcllvaine 
buffer pH 5.0 (\i = 0.5). 
a. L.B. plots on pentamer ( • ) , tetramer (O) and trimer ( •) as substrates. To obtain the velo-
cities in the right dimensions (sec-1), the figures on the y-axis has to be multiplied by 1.0, 
16.5 and 135 respectively. 
b. L.B. plots on a mixture of nona-,octa- and decamer ( A), a mixture of hepta- and octamer 
u / n d h e x a m e r ( Q ) a s substrates. To obtain the velocities in the right dimensions (sec"1), 
the figures on the y-axis has to be multiplied by 0.016, 0.045 and 0.5 respectively. 
84 Meded. Landbouwhogeschool Wageningen 75-13 (1975) 
In Table 6 1 the Km values, turnover numbers (V/e0) and V/Km values, 
determined with different oligomers, are listed. The Km values are expressed m 
molar concentrations, but also in molar concentrations with respect to the 
monomer. In the last expression some kind of mean Km value per^monomer 
subsite is obtained. For both types of enzyme an increase in Km value and a 
decrlsl in turnover number is observed with oligomers < * £ ^ W . 
The decrease in first order rate constant is much more pronounced than the 
^ r d i f f e r l n c e in apparent affinity (KJ for the polymer substrate between 
nectin Ivase type I and II is also evident when oligomers are used as substrates, 
K Ä S i t a chain length the difference becomes less pronounced. 
A semi-logaritmic plot of the kinetic parameters V andJ/K against cham 
length n (in esterified galacturonic acid «sidues) is shown * ^ J 3 ; 
ga/dless the substrate concentration ^ ^ ^ of subsite^ ^ 
are obtained upon extrapolation of the log ^ » ™ P
 w h e r e a s t h i s is l e s s 
pectin lyase type I the number of subsites amounts 9 iu, wne 
y / — i — i 
> 
o 4 h 
ASK (nïvs the polymerization degree (n) of 
FK, 6.3. A semi-logaritmic P ^ ^ ^ J ^ £ > ( ' . , and mo.ar basis ( Q , The depen-
the substrate. V/Kra is expressed both o n ™™Te tyPe T i n A and for type II m B. 
dency of these parameters is given for pectin ly
 g 5 
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for type II, namely 8. The same conclusions can be drawn from the log V vs n 
plot. The exact number of subsites in the case of pectin lyase type I could not 
be determined as higher oligomeric substrates were not purified individually. 
VORAGEN (1972) and EDSTROM and PHAFF (1964) have performed product 
analysis of the reaction mixtures containing oligomers with a chain length of 
3-6. From their results and the number of subsites reported here, a schematic 
picture can be made of the binding region of pectin lyase type II (Fig. 6.4). The 
possible binding modes of the productive complexes are shown; in the case of 
multiple productive complexes, an estimate is given of the fraction of one cer-
tain binding mode to all possible binding modes. 
In the previous chapter, it has been made plausible that Km equals k^/lq. This 
excludes the possibility to calculate the subsite affinities from kinetic data. 
Only the difference in free enthalpy of activation (AG*) can be calculated with 
eq. 5.3 for V and V/Km (Table 6.2). Comparison of the AG* values for the 
turnover numbers of both types of enzymes shows no large variation; the rate 
limiting step seems to be the same. The AG* values for kt (V/Km), on the 
contrary, show larger figures for type I, certainly at n>5; the binding of the 
substrate to type II is energetically more favorable. 
Another, less pronounced, fact is the increase in the change in free enthalpy 
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FIG. 6.4. A schematic picture of the proposed subsite model for pectin lyase type II. The 
wedge represents the position of the catalytic place. The different productive binding modes 
of the particular oligomers are shown and indicated by n, j . If more then one binding mode of 
an oligomer is depicted, the symbols give an indication of the fraction (P) of the substrate 
which is bound in such a mode. 0 represents the reducing end monomer of the substrate. 
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TABLE 6.2. Differences in free enthalpy of activation of both types of pectin lyase, calculated 
from V (AG* v) and V/Km2 (AG* V,K»), expressed in kcal/mole; AAG* = AG+.-AG*,,-!. 
n 
40 
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FIG. 6.5. Fluorescence quenching of pectin lyase type I, dissolved in 0.02 M phosphate buffer 
pH 6.0 containing 0.2 M NaCl, upon titration with a concentrated solution of esterified pen-
tamer in water. Enzyme concentration 5.3 fxM; final concentrations of the pentamer 0 (a), 
0.28 (b) and 1.67 mM (c); ecxitation wavelength 280 nm. 
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whereas with type II a decrease is observed. This might indicate that in the 
case of pectin lyase type I the subsite at the outside of the binding region con-
tributes relatively more to the binding than the other subsites. In the case of 
type II the contributions of subsite 5 and 6 seem to be dominant. 
Binding of oligomers to pectin lyase appears to be accompanied by a quen-
ching of the protein fluorescence. Fig. 6.5 shows the decrease in fluorescence 
intensity upon titration pectin lyase type I with pentamer. The calculated 
amount of product formed from pentamer can be calculated to be about 20 % 
of the initial substrate concentration within 30 minutes (time of one titration 
experiment). However the fluorescence intensity did not change within this 
time. After rearrangement of the data in a so-called Benesi-Hildebrand plot 
(Fig. 6.6), the dissociation constant and the fluorescence intensity upon satura-
tion can be derived. This approximation is originally derived for 1:1 complexes 
and applicable if Kd^>E or S>E. Our case is more complex; the curve is non-
linear. This can be the result of two different binding modes in one binding 
region. Therefore a Scatchard plot does not give straightforward results either. 
The calculated dissociation constants from the Benesi-Hildebrand plot amount 
0.2 and 2.7 mM for pectin lyase type I, whereas for type II 0.2 and 0.9 mM 
are obtained. Titration of pectin lyase type I with trimer yields only one Kd, 
namely 8 mM. 
From these results some important conclusions can be drawn. Firstly, this 
method can be used to determine the dissociation constants of the enzyme and 
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FIG. 6.6. Benesi-Hildebrand plot of the results obtained by fluorometric titration of pectin 
lyase type I with esterified pentamer. Excitation wavelength 280 nm; emission wavelength 
320 nm. 
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Secondly, the order of magnitude of the dissociation constant for the pentamer 
confirms'the suggestion that kcat>k_1( Km equals KJK or V/Km - kx. 
Thirdly quenching of the protein fluorescence is only observed upon excitation 
at 280 nm but not upon excitation at 295 nm. This lack of quenching upon 
excitation at 295 nm confirms the postulated involvement of a tyrosine residue 
in the binding of substrate. The biphasicity of the titration curve with pentamer 
in contrast to the one with trimer suggests that the tyrosine residue involved in 
binding, is situated at subsite 3 (Fig. 6.4). 
With the subsite model presented a better understanding of some: kinetic 
characteristics of pectin lyase is obtained. The dependence f ^ ^ * * * * * 
degree of esterification (VORAGEN, 1972) in contrast to that of the turnover num 
substrate concentration (chapter 3). This statement can be vérifieby using the 
data of pectin lyase with a low Km value (F.L 3 W of VORAGEN 0972) and 
the number of subsites of pectin lyase type II. The d a * ^ < £ £ £ 
used, because in that region only one ionic form of the enzym^ P res ^ 
In table 6.3 the Km values are listed, expressed » ^ ^ ^ J 
respect to monomer i o c ^ ^ ^ ^ ^ ^ ^ ^ 
binding region have to be estenfied, the molar s™ s i r a"\ 
on eight esterified adjacent groups can be calculated as follows. 
8 (6.10) 
[S] = [S]mono x a 
In this equation [ S U represents ^ ^ ^ 2 ^ ^ -
after correction of the weighted amount for non uroni 
denotes the fraction of carboxylic groups esterified. The Km 
tained are listed in column 2 of table 6 3 ^ ^
 p o s s i b i m i e s 
If one allows for the presence of one acidic g P,
 b e c a u s e t h e 
to place that particular non-estenfied unit Uniy s P ^
 tQ 
assumption was made that the units on both side of the cataiy 
• ,
 nn c i t ra tes with different degree of esteri-
TABLE 6.3. Kra values (mM) for FL32 pectm ^ " « ^ " ^ i i n different ways, 

























1-57 • " 8 2.13 
Ht 83 2.05 2.37 
1-60 i-8-* T-,, 3 21 
157 2.05 2.23 3.Z1 
h 5 /
 o?« 2.44 5.20 
1.60 1J6 , „ M . column 1 multiplied by a
8
 (2); 
Substrate concentration expressed on monomer base u ^ ^ ^
 7 2 ( , _ a ) ) ( 4 ) . 
column 1 multiplied by (a8 + a7 ^ f J ^ Z m s determined at pH 5.4 (6). 
column 1 multiplied by (a8 + a7.3 (1-a)) (5), K™
 g 9 
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be esterified. This assumption is justified by the results of NMR studies on 
products obtained by enzymatic elimination of oligomers. The substrate con-
centration in this case can be calculated with: 
[S] = [S]mono x (a7 x 6 x (1 - a) + a8) (6.11) 
Column 3, 4 and 5 in table 6.4 give the Kra values calculated for the case that 
one carboxylic group is allowed to bind to respectively 1, 2 or 3 distinct sites on 
the enzyme. Two carboxylic groups at the same time, even if situated at these 
distinct places are not allowed. 
The data in table 6.4 show that the Km values in column 3 become identical 
for substrates of varying degree of esterification. Therefore, the whole binding 
region of pectin lyase type II is composed out of eight subsites, from which 
seven can only interact with esterified galacturonic acid residues and one dis-
tinct subsite can interact with an esterified or a non-esterified residue. This 
last subsite is not situated adjacent to the catalytic place. 
At pH values below 6.5 this hypothesis does not give a straightforward ex-
planation for the differences in Km values. In this region also the acidic form of 
the enzyme exists. In this form, the particular subsite mentioned above can 
probably only interact with a non-esterified residue, which is an explanation 
for the deviation from the competitive patterns obtained with substrates of 
different degree of esterification if measured at pH 4.5 and using completely 
esterified pectin. 
These results make it plausible to postulate that the competitive inhibition of 
aliphatic carboxylic acids is the result of binding of these inhibitors to that partic-
ular subsite at which a galacturonic acid residue may bind at pH 6.5 or must 
bind at pH 4.5. 
A comparison of the size of the binding region of pectin lyase with other 
pectolytic enzymes is very difficult, because until now little attention is paid 
to this aspect. Polygalacturonase contains 7-9 subsites as determined by KOLLER 
and NEUKOM (1969) but REXOVÂ-BENKOVÂ (1973) initially reported 4 subsites. 
A preliminary study in this field indicates 7 subsites for a pectate lyase from 
Bacillus polymyxa (MAYER, 1974). In this case, however, two additional diffi-
culties were met. The enzyme activity is Ca2"""-dependent and secondly, the 
structure of pectic acid oligomers seems to be chain length dependent, as can be 
seen by optical rotation dispersion of these compounds. 
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SUMMARY 
The pectin lyase activity in the commercial enzyme preparation Ultrazym 
originates from more then one type of enzyme; two of them, accounting for 95 % 
of the total activity, have been completely purified. As purity criteria specific ac-
tivity, Polyacrylamide disc gel electrophoresis and SDS electrophoresis have 
been used in combination. 
Both types of enzyme appear to be nearly identical with respect to their 
physico-chemical properties. The molecular weights, determined in different 
ways, and the iso-electric points are nearly identical, while the amino acid 
composition of both types shows a large degree of homology. The C-terminal 
amino acid residues are the same and the N-terminal amino acid residues are 
blocked in both cases; the enzymes are single chain proteins. In the fluorescence 
emission spectra of both types of enzyme a separate contribution of the tyrosine 
and tryptophan residues is seen; the quantum yield is not identical for both 
enzymes. 
The sugar composition is not completely identical for both types of enzyme; 
pectin lyase type I contains only mannose residues (4 moles/mole), whereas 
type II can be separated with affinity chromatography into two species which 
are only different in their ratio of mannose to glucose residues (mannose 
plus glucose is 4 moles/mole) but in no other respect. 
Pure pectin lyase type I is homogeneous upon Polyacrylamide disc gel elec-
trophoresis, whereas type II is always divided into two protein bands; the ratio 
between these bands depends on incubation conditions. 
At both sides of the pH range 4-6, over which the enzyme is stable, inactivation 
and denaturation occurs which is not completely reversible. The stability is largely 
influenced by the ionic strength ; pectin lyase type II needs a higher ionic strength 
then type I for maintenance of the active conformation. The inactivation above 
pH 6 appears to be due to a combined effect of [x and pH; this process is a 
first order equilibrium process, as determined for type I, of which the kt 
is the pH dependent and k_x the ionic strength dependent parameter. In the 
case of type II the conformational change upon inactivation is accompanied by 
a change in surface charge, resulting in two protein bands upon electrophoresis. 
For both, type I and type II, the inactivation is accompanied by (and can be 
followed by) a reduced contribution of tyrosine to the fluorescence of the pro-
tein. 
The three dimensional structure of the protein seems to be very rigid, as can 
be argued by the low a -helix content, the high molecular weights found by SDS 
electrophoresis, the two protein bands upon electrophoresis of type II in 8 M 
urea, the figures for the tyrosine content which are too low when determined 
by spectral analysis in 0.1 N NaOH and the lack of results upon modification 
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of sulphydryl groups with Ellman's reagent under denaturating conditions. 
Studies on the kinetics of pectin lyase have been performed to obtain more 
insight in the action mechanism of this enzyme. The assignment of the influence 
of buffer (nature and concentration) and cations (nature and concentration) 
to an effect of the ionic strength and not to a specific ion effect explains the large 
variability in the reported kinetic characteristics and has enabled a detailed and 
accurate analysis of the influence of the pH on the kinetics. 
The most remarkable features of this analysis are: a bell shaped pH profile at 
low substrate concentrations, shifts of the pH optimum to more basic values 
upon increasing substrate concentrations accompanied by deviation of the 
profile from a bell shaped curve, at infinite substrate concentration a pH profile 
comparable with a saturation curve (with a slope not equal to a whole number 
in a Dixon plot), constant Km-values at low pH which increase at more basic 
values. An increase in the ionic strength results in a decrease in Km-values, most 
pronounced at high pH values, but do not affect the turnover numbers. 
These features can be explained by a model in which two ionic forms of the 
enzyme are able to bind substrate and to catalyze the reaction, although with 
different turnover numbers and binding constants. It could be concluded that 
the complexing of the enzyme with substrate has to occur by mediation of 
protonated groups. The pK values determined are assigned to carboxylic 
groups. This assignment is confirmed by the thermodynamic parameters of 
the ionization and by chemical modification. Besides carboxylic groups, one 
tyrosine residue is involved in the binding of the substrate as can be concluded 
from the pH profiles, chemical modification and quenching of the tyrosine 
fluorescence upon binding of substrate. 
From the temperature effects on the pH dependency of the kinetic parameters 
one may conclude that Km equals k^,/^ as is confirmed by the difference be-
tween the Km-value on pentamer and the Kd of the enzyme with the same sub-
strate as determined by fluorescence. Both enzymes behave similar with re-
spect to those aspects just mentioned, only small differences in pK values and 
turnover numbers are found; the Km-values, and therefore also those of V/Km, 
on the contrary exhibits a pronounced difference. 
To obtain more insight in binding and catalysis of pectin lyase on a molecular 
level, the kinetics on oligomeric substrates have been studied and interpreted in 
terms of a subsite model. The number of subsites of pectin lyase type I amounts 
9-10, whereas type II contains only 8 subsites. For the last enzyme the position 
of the catalytic place could be determined, whereas by using the reported Re-
values of VORAGEN (1972) on substrates with different degree of esterification, 
that substrate could be determined which satisfies the demands for optimal 
binding. Moreover a method is given for evaluating the different subsite 
affinities by measuring directly dissociation constants of enzyme with oligomer. 
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SAMENVATTING 
De pectine lyase activiteit in het commerciële enzympreparaat Ultrazym is 
afkomstig van meer dan één type enzym; twee daarvan, verantwoordelijk voor 
95 % van de totale activiteit, zijn volledig gezuiverd. Als zuiverheidscriteria zijn 
een combinatie van specifieke activiteit, Polyacrylamide disc gel electroforese 
en SDS electroforese gebruikt. 
Beide typen enzym blijken bijna identiek te zijn met betrekking tot hun fy-
sisch-chemische eigenschappen. De molecuulgewichten, bepaald op verschillen-
de manieren, en de iso-electrische punten zijn bijna gelijk, terwijl de aminozuur-
samenstelling van beide typen een grote mate van overeenkomst vertonen. De 
C-eindstandige aminozuur residuen zijn dezelfde en de N-eindstandige amino-
zuur residuen zijn in beide gevallen geblokkeerd; de enzymen bestaan uit één 
eiwitketen. In de fluorescentie emissie spectra van beide enzymen is een afzon-
derlijke bijdrage van tyrosine en tryptofaan residuen te zien; de quantum op-
brengst is voor beide typen enzym niet gelijk. 
De suikersamenstelling is niet gelijk voor beide typen enzym; pectine lyase 
type I bevat alleen mannose (4 mol/mol), terwijl type II met behulp van affini-
teitschromatografie gescheiden kan worden in een tweetal vormen die alleen 
verschillen in hun ratio van mannose tot glucose residuen (mannose plus gluco-
se is 4 mol/mol). 
Zuiver pectine lyase type I vertoont één homogene band na Polyacrylamide 
gel electroforese ; type II wordt altijd verdeeld over twee eiwit banden waarvan 
de onderlinge verhouding wordt bepaald door de incubatie condities. 
Aan beide zijden van het pH traject 4-6, waarin het enzym stabiel is, treedt 
een niet volledig reversibele inactivatie en denaturatie op. De stabiliteit wordt voor 
een groot deel door de ionsterkte bepaald; pectine lyase type II heeft een hogere 
ionsterkte nodig voor de instandhouding van de aktieve conformatie dan type 
I. De inaktivatie boven pH 6 blijkt een gevolg te zijn van een gecombineerd pH 
en ionsterkte effect; dit proces is een eerste orde evenwichts proces, zoals be-
paald voor type I, waarvan de kt pH afhankelijk en de k_t ionsterkte afhanke-
lijk is. De conformatie verandering bij inactivatie van type II gaat gepaard met 
een verandering in oppervlakte lading, hetgeen resulteert in twee eiwit banden 
bij elektroforese. In beide gevallen, zowel bij type I als bij type II, gaat de 
inactivatie gepaard met (en kan gevolgd worden door) een verminderde bijdra-
ge van tyrosine aan de fluorescentie van het eiwit. 
De drie dimensionale structuur van het eiwit lijkt erg star, hetgeen volgt uit 
het lage a-helix gehalte, de hoge molecuul gewichten volgens SDS elektroforese, 
de twee eiwit banden na elektroforese van type II in 8 M ureum, de te lage 
gehaltes aan tyrosine indien spectraal bepaald in 0.1 N NaOH en de onmo-
gelijkheid om onder denaturerende condities sulfydryl groepen aan te tonen 
met Ellman's reagens. 
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De kinetica van pectine lyase is bestudeerd om meer inzicht te verkrijgen in 
het werkingsmechanisme. 
Het toewijzen van de invloed van buffers (soort en concentratie) en kationen 
(soort en concentratie) aan de ionsterkte en niet aan een specifiek ioneffect, ver-
klaart de grote variatie in beschreven kinetische karakteristieken en maakt een 
gedetailleerde en zorgvuldige pH analyse mogelijk. 
De meest opvallende trekken van zo een analyse zijn: een klokvormig pH 
profiel bij lage substraat concentratie, verschuivingen van het pH optimum naar 
hogere waarden bij het toenemen van de substraat concentratie hetgeen gepaard 
gaat met afwijkingen van het pH profiel van de klokvorm, bij oneindige sub-
straatconcentraties een pH profiel met de vorm van een verzadigingscurve 
(in een Dixon plot geen helling van een geheel getal) en constante Km-waarden 
bij lage pH terwijl bij toenemende pH deze waarden toenemen. Een toename 
van de ionsterkte resulteert in lagere Km-waarden, hetgeen des te duidelijker 
is naarmate de pH hoger is, terwijl de 'turnover numbers' gelijk blijven. 
Deze verschijnselen zijn verklaard aan de hand van een model waarin het 
enzym in twee ion vormen in staat is substraat te binden en ook katalytisch 
actief is, hoewel beide vormen verschillende 'turnover numbers' en bindings-
constanten hebben. 
Uit dezelfde gegevens kan geconcludeerd worden dat de binding tussen en-
zym en substraat door middel van geprotoneerde groepen plaatsvindt. De 
bepaalde pK waarden zijn toegeschreven aan carboxyl groepen. Deze toewijzing 
wordt bevestigd door de thermodynamische parameters van de ionizatie van 
deze groepen en door chemische modificatie. Naast de carboxyl groepen is er 
een tyrosine residue betrokken bij de binding van het substraat, hetgeen ge-
concludeerd kan worden uit de pH profielen, de chemische modificaties en de 
vermindering van de tyrosine fluorescentie bij binding van het substraat. 
Uit het temperatuur invloed op de pH afhankelijkheid van de kinetische 
parameters is de conclusie getrokken dat de Km gelijk is aan kct/lq hetgeen 
bevestigd is door het verschil tussen de Km waarde van het pentameer en de 
Kd van het enzym met pentameer gevonden met fluorescentie. 
Beide typen enzym vertonen een overeenkomstig gedrag met betrekking tot 
de juist vermelde facetten, slechts kleine verschillen in pK waarden en turnover 
numbers zijn gevonden; de Km-waarden, en daardoor ook V/Km, zijn daar-
entegen zeer duidelijk verschillend. 
Om op moleculair niveau meer inzicht te krijgen in binding en katalyse 
van pectine lyase, is de kinetica op oligomere substraten bestudeerd en geïnter-
preteerd in termen van een subsite model. Het aantal subsites van pectine lyase 
type I bedraagt 9-10, terwijl type II slechts 8 subsites heeft. Voor het laatste 
enzym kon de positie van de catalytische plaats bepaald worden terwijl, aan de 
hand van de door VORAGEN (1972) vermelde Km-waarden op polymère sub-
straten met verschillende veresteringsgraden, dat substraat bepaald kon worden 
wat voldoet aan de eisen voor optimale binding. Bovendien is een methode 
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aangegeven om de subsite affiniteiten van de verschillende plaatsen te bepalen 
door direkt de dissociatie constante van het enzym-substraat complex te be-
palen. 
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